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Abstract
AN INVESTIGATION OF THE STRUCTURE OF WATER LAYERS AT PLANE AND MODIFIED METAL
SURFACES by Fiona McBride
The work presented in this thesis details the structural and chemical flexibility of wa-
ter layers on a selection of plane and templated metallic surfaces. The water layers are
found to adapt their structure to achieve a compromise between optimising its surface
and intermolecular interactions differently in each system investigated. This compromise
often results in water layers which do not stay in strict registry with the substrate, instead
forming complex structures. Modifying the substrate by introducing a secondary metal
affects the adsorption of water, the structure and species formed, indicating the sensitivity
of water to the exact geometric and electronic structure of the substrate.
Initially focussing on plane (non-templated) surfaces, we find an intact water layer on
Pd(111), with a (
√
3 × √3)R30◦ LEED pattern but a disordered helium atom scattering
signal. Using a combination of techniques we propose that the water layer comprises of
regions of flat lying water, tightly bound atop Pd(111), separated by anti-phase domain
boundaries. Water in the domain boundaries forms from H-bonded rings of water, oriented
mostly H-down, interacting weakly with the surface. The disorder in the layer is likely to
be in the H-down network and hampers attempts to achieve a complete picture of the
detailed water structure. On Ni(110), a preliminary STM study into the structure and
dissociation of water reveals that water forms a mixture of diffuse and more rigidly held
hexagonal structures at low temperature. We assign the diffuse structures to chains of
intact water which are labile under the influence of the tip, with the more rigidly held
structures being a mixture of OH/H2O. The proportion of dissociated water increases with
dose temperature, and is associated with loss of the labile structure associated with intact
water by 200 K. Further study is required in order to establish if water adsorbs intact to
Ni(110) at temperatures below 100 K.
Creating a Pt skin alloy on a Ni(111) substrate allows us to investigate how a change
in the Pt environment perturbs water adsorption. Water dissociates spontaneously on this
surface, in a marked departure from its behaviour on the pure Ni or Pt surfaces. Pre-
dosing the Pt/Ni(111) surface with oxygen has a negligible effect on the water desorption
behaviour, confirming that the mixed OH/H2O phase is less stable on the Pt/Ni(111)
surface than on Pt(111). We suggest that the reduced stability of OHads groups on the
Pt/Ni surface leads to the improved oxygen reduction reaction efficiency reported for this
alloy, making OH less likely to act as a poison, as it is believed to on Pt(111).
Based on our understanding of the optimum water adsorption site, we created a
(
√
3 ×√3)R30◦ Sn/Pt(111) alloy, designed to stabilise a traditional “ice-like” bilayer wa-
ter structure. The water layer was investigated using HAS, LEED-IV and DFT modelling,
which confirm that the water structure is indeed a simple commensurate
√
3 bilayer. Based
on LEED-IV measurements we report the first quantitative structural study of monolayer
water adsorbed at a metal surface and compare this to DFT predictions. Maintaining the
(
√
3 × √3)R30◦ symmetry and altering the host metal from Pt to √3 Sn/M (M = Rh, Cu
and Ni) resulted in no stable wetting structures. Alloying Sn with these metals appears
to reduce the ability of Sn to accept electron density from the O of water, reducing the
water-Sn interaction and leading to water forming clusters.
“If academic endeavour had always been vetted in advance for practicality,
we wouldn’t have the aeroplane or the iPhone, just a better mammoth trap.”
David Mitchell, The Observer, Sunday 27th September 2009.
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tering along the [011¯] azimuth at 100 K and E = 65 meV. Similar results
were obtained at other beam energies. Adapted from reference [17]. . . . . 53
3.7 Workfunction change (∆Φ) measured for a water film grown on Pd(111)
at 140 K as a function of the water coverage. The dashed line and inset
shows the change in ∆Φ from -0.7 eV as the first layer completes until ∆Φ
saturates at -1.06 eV for a thick water multilayer. This experiment was
performed by A. Omer. Adapted from reference [17]. . . . . . . . . . . . . . 54
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3.8 (a) A complete commensurate (6 × 6) water network formed from the
rosette structure shown in Figure 3.1d; (b) and (c) a (7 × 7) unit cell with
domain boundaries and a coverage of 0.71 ML; (d) a (
√
52 × √52)R14◦
structure with a coverage of 0.73 ML. The unit cell is overlaid for clarity.
The water molecules are colour coded by the height of O above the surface,
the orange O atoms are for water bonded with dO−Pd <2.7 A˚, whereas red
O atoms lie further from the surface. Adapted from reference [17]. . . . . . 56
3.9 Simulation of the LEED patterns expected for (a) the (7 × 7) and (b) the√
52 unit cells of Figure 3.7 (c) and (d). The spot size represent the calcu-
lated structure factor at 20 V, indicating the relative intensity expected for
single scattering off the O atoms bonded directly to Pd. Additional weak
LEED spots with an intensity less than 5% of the (0, 0) beam have been
ignored for clarity. The simulations show a ring around the central (0,0)
beam and a splitting of intensity around the (1/3,1/3) positions. Adapted
from reference [17]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.10 D2O (m/z = 20) TPD peaks showing the effect of increasing the amount of
hydrogen pre-dosed on the Pd(111) surface. The exposure of D2O was kept
constant, at equivalent to one layer on clean Pd(111). The peak desorp-
tion temperature of D2O is observed to decrease with increasing hydrogen
coverage relative to D2O dosed onto clean Pd(111) (plotted as a dotted line). 62
3.11 Pd(111) was initially saturated with hydrogen dosed at 173 K, prior to D2O
adsorption. The peak desorption temperature of D2O increases with in-
creasing D2O exposure, relative to D2O adsorbed onto clean Pd(111) (plot-
ted as a dotted line). There is no longer a low temperature peak associated
with the presence of multilayer formation occurring when the Pd(111) sur-
face is pre-saturated with hydrogen, suggesting cluster growth. The heating
rate used was 0.8 Ks−1 and the m/z = 20. . . . . . . . . . . . . . . . . . . . 63
3.12 A comparison between (a) clean Pd(111) and (b) hydrogen pre-saturated
Pd(111) TPD peaks after exposure to the equivalent of five layers of D2O on
Pd(111) at different adsorption temperatures. The resulting D2O coverages
are shown in the legend. The heating rate used was 0.8 Ks−1 and the m/z
= 20. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
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3.13 D2O (m/z =20) uptakes on clean Pd(111) (black lines) at 145 and 150 K
respectively, against D2O uptakes on pre-hydrogen saturated Pd(111) (red
lines) at 145 and 150 K. The sticking probability is plotted on the y axis,
the dose time (exposure time to D2O) is shown on the x-axis. (These corre-
spond to the TPD peaks shown in figure 3.12). . . . . . . . . . . . . . . . . . 65
3.14 Exploring the effect of exposing a pre-dosed water layer to hydrogen versus
saturating the Pd(111) surface with hydrogen prior to water adsorption.
Initially D2O was dosed on the clean Pd(111) surface to provide a point
of reference (black line). A pre-prepared D2O layer was exposed to a sat-
uration dose of hydrogen (red line), and finally the surface was saturated
with hydrogen prior to D2O adsorption (blue line). The D2O exposure was
kept constant at 2/3’s of saturation, dosed at 140 K and H2 was dosed at
173 K. In both cases where hydrogen was present the TPD peaks (m/z =
20) are broadened and the peak desorption temperature shifted to lower
temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.1 TPD spectra for water and H2 from Ni(110) surfaces dosed with (a) water
alone and (b) after exposure to oxygen. Water was dosed at 120 K in all
cases. 0.15 ML of oxygen was pre-dosed at 400 K. A heating rate of 10 Ks−1
was used. Adapted from Guo and Zaera [18]. . . . . . . . . . . . . . . . . . 69
4.2 Schematic representation of the structure proposed for a c(2 × 2) water
bilayer adsorbed on Ni(110)[19]. The upper half of the bilayer has un-
coordinated H atoms pointing into the vacuum as suggested by ESDIAD.
Adapted from ref [19], reproduced from ref [1]. . . . . . . . . . . . . . . . . 70
4.3 Pirug et al.’s model for a compressed OH/H2O bilayer, similar to that pro-
posed by Benndorf and Madey[19] (shown in figure 4.2). Adapted from ref
[20], reproduced from ref[1]. . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.4 Carbon contamination growing out from the step edge (typically (4×3) or
(4×5) but this image is not fully atomically resolved[21]) imaged at room
temperature. (194 × 296 A˚, It = -0.42 nA and Vt = -1250 mV). . . . . . . . 72
4.5 Water dosed at 110 K, STM image recorded at 100 K. (a) Water islands
aligned along the [11¯0] direction, (194 × 283 A˚, It = -0.70 nA, Vt = -196
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extent of interlinked neighbouring rings visible to the right-hand side of the
image, (189 × 46 A˚, It = -0.69 nA, Vt = -196mV). . . . . . . . . . . . . . . 74
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4.6 Images of water dosed at 110 K. (a) A mix of zig-zag and chain structures,
note not all zig-zag structures are terminated with rings, (90 × 86 A˚, It =
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by metal rows and zig-zag structures (68 × 23 A˚, It = -0.64 nA, Vt = -196
mV) (c) Ring structures connected by zig-zag structure with interspaced
neighbouring chains of rings (72 × 52 A˚, It = -0.67 nA, Vt = -196 mV). . . 74
4.7 Black lines have been overlaid in line with the underlying Ni(110) surface.
This image highlights that water chains grow in the [11¯0] direction, with
the backbone of the chains on the metal rows (not in the troughs). The
chains of rings are typically at least one metal row apart or more from
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limited area and appear in a staggered configuration. (73 × 53 A˚, It =
-0.67 nA, Vt = -196 mV). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.8 Water dosed at 140 K. (a) water islands (322 × 493 A˚, It = -0.44 nA, Vt = -
209 mV) (b) showing the islands comprise of rings and zig-zag chains, with
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mV) (c) Small islands of chains of rings both interspaced and interlinked,
(130 × 132 A˚, It = -0.63 nA, Vt = -236 mV). . . . . . . . . . . . . . . . . . 76
4.9 Water dosed at 200 K. (a) water chains growing across a terrace isolated
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4.10 Water dosed at 200 K. (a) showing the different structure of water chains
(194 × 296 A˚, It = -0.62 nA, Vt = -226 mV) (b) water chains with an
unusual linkage/interspacing imaging dark and a zig-zag structure akin to
the “zig-zag” structure seen on Cu(110) [22] (103 × 64 A˚, It = -0.62 nA, Vt
= -226 mV) (c) Branched zig-zag chain, akin to the “pinch” structure seen
on Cu(110) [22] (43 × 32 A˚, It = -0.62 nA, Vt = -226mV). . . . . . . . . . 78
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4.11 (a)-(c) STM images of co-existing [11¯0] chain structures formed at 200
K. (a) (255 × 88 A˚), (b) “zig-zag” type chain structures with 2aCu repeat
and regular branched spacing (41 × 21 A˚), (c) “pinched” type chain with
irregular branches and a 4aCu repeat. (d) and (e) shows the calculated
structures (left) and simulated STM images (right) for the two most stable
chain structures containing 1H2O:1OH. Each chain contains a central water
backbone with H-bonds donated to hydroxyl groups arranged with either a
(d) 2aCu or (e) 4aCu repeat along [11¯0]. The solid line shows the (4×5)
unit cell employed. This figure has been reproduced and adapted from ref
[22]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.12 (a) oxygen (dosed at 368 K) on the Ni(110) surface, STM image recorded
at ≈298 K (154 × 195 A˚, It = -0.70 nA, Vt =-1250 mV) (b) water (dosed
at 125 K) and oxygen on the surface, STM image recorded at 100 K (120 ×
92 A˚, It = -0.40 nA, Vt = -100 mV). . . . . . . . . . . . . . . . . . . . . . . 79
4.13 Water and oxygen (water dosed at 125 K) (a) mixture of structures from
oxygen, OH and water (229 × 250 A˚) (b) a cut-out and enlargement of
a 200 × 39 A˚ section of (a) (It = -0.62 nA, Vt = -196 mV). White circles
have been overlaid as a guide to the eye to some of the areas where mixed
OH/water chains have been formed. . . . . . . . . . . . . . . . . . . . . . . 80
4.14 1(a) Close-up STM topography of the water-hydroxyl adsorption phase on
Cu(110). The main body is labelled as a (2 × 3) symmetry, with a c(2 × 4)
structure occurring at domain boundaries. Figure 2 shows the structure of
the water-hydroxyl phase (a) Left: Schematics of charge transfer (shown by
the white arrows) in the topmost surface layer. Right: Two mirror configu-
rations of the water-hydroxyl phase (the left and right panels). The dashed
lines demarcate the mirror planes. Different configurations of the OH-OH
dimers and side on complex were reproduced from Kumagai et al. [23, 24].
2(b) and (c) Structural model of the water-hydroxyl phase superimposed
on STM topographies of the domain body (b) and the domain boundary
(c). The grid lines show the close-packed rows of the Cu substrate. The hy-
droxyl structures (D1, D2, and N) are simplified and emphasized for clarity.
Adapted from Guillemot and Bobrov [25]. . . . . . . . . . . . . . . . . . . . 82
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5.1 LEED images of Pt dosed onto Ni(111). (a) LEED image from a 1 - 1.5 ML
Pt “skin” on Ni (111) annealed to 473-508 K, recorded at a beam energy
of 96.1 eV. The outer (1 × 1) spots arise from the Ni(111) substrate with
the inner spots coming from the Pt layer. (b) Shows the same surface after
annealing to 863 K in order to create a mixed surface alloy (which leads to
the disappearance of the inner Pt layer diffraction spots), recorded at 96 eV. 90
5.2 Water TPD (m/z = 18) from 1-1.5 ML Pt dosed onto Ni(111) after sequen-
tial annealing, starting from 508 K up to 873 K. The water exposure was
kept constant, equivalent to one layer of water on Ni(111) adsorbed at
123 K. The shift in the peak desorption temperature to lower temperature
shows the effect of increasing Pt dissolution into the bulk Ni(111). The
dashed line shows a water TPD peak from clean Ni(111) for comparison.
The heating rate was 0.8 Ks−1. . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.3 Desorption of different doses of water (m/z = 18) from a 1 - 1.5 ML Pt
skin on Ni(111), with H2O TPD data from clean Ni(111) (dashed lines) for
comparison. Water was adsorbed at 123 K and the heating rate used was
0.8 Ks−1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.4 Water TPD (m/z = 18) from a 2 - 3 ML Pt skin layer on Ni(111). The
dashed line shows water TPD from clean Ni(111) for comparison. Water
was adsorbed at 123 K and a heating rate of 0.8 Ks−1 was used. . . . . . . . 94
5.5 D2O was dosed onto a 1-1.5 ML Pt skin, a 2-3 ML Pt skin and a mixed
Pt/Ni alloy (formed by annealing a Pt skin to ≈ 873 K) at 123 K. D2O was
also dosed onto clean Ni(111) to provide a point of reference. (a) Shows
the subsequent D2O TPD data (m/z = 20), compared to Ni(111) (dashed
line), (b) shows the corresponding D2 TPD peaks (m/z = 4) evolved during
dissociation of D2O on the surface. Note the dashed line, showing no D2
arising from the clean Ni(111) sample. The heating rate used for D2O TPD
was 0.8 Ks−1, for D2 TPD it was increased to 1.5 Ks−1. . . . . . . . . . . . . 96
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5.6 Expanding figure 5.5, the full TPD sets for the D2O TPDs (m/z = 20) and
corresponding D2 (m/z = 4) traces for a 1-1.5 ML Pt skin (a and b), a 2-3
ML Pt skin (c and d), and a mixed Pt/Ni alloy, formed by annealing a Pt
skin to ≈ 873 K, (e and f). D2O was dosed at 123 K, all D2O coverages are
reported with respect to the saturation coverage of D2O on Ni(111). The
numbers alongside the figure legends give the order in which the experi-
ments were performed. The heating rate used for D2O TPD was 0.8 Ks−1,
for D2 TPD it was 1.5 Ks−1. D2 peaks are cut off at 420 K to avoid exceeding
the anneal temperature used when initially forming the Pt skin layer. . . . . 97
5.7 Water TPD (m/z = 18) peaks from the oxygen pre-covered 1-1.5 ML Pt skin
(a) and Ni(111) (b) surfaces. The dashed line on figure (a) is a water TPD
peak from oxygen on Ni(111) overlaid to enable direct comparison. The
1-1.5 ML Pt/Ni surface had an oxygen coverage of 0.12 ML. The Ni(111)
surface had an oxygen coverage of 0.15 ML. The coverage of water is given
in the figure legends. Oxygen was dosed at 100 K and flashed to ≈ 240 K
prior to water adsorption. Water was dosed at 123 K, the heating rate used
was 0.8 Ks−1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.8 A series of water TPD experiments (m/z = 18) showing the effect of in-
creasing the amount of pre-dosed oxygen (from 0.08 to 0.15 ML) onto a
1-1.5 ML Pt skin layer. The dashed line shows a representative TPD from
the clean (no oxygen dosed) 1-1.5 ML Pt skin surface. Oxygen was dosed
at 100 K and flashed to ≈ 240 K prior to water adsorption.The exposure of
water was kept constant, equivalent to one layer on clean Ni(111) dosed at
123 K. The heating rate was 0.8 Ks−1. . . . . . . . . . . . . . . . . . . . . . 100
5.9 Water TPD (m/z = 18) from oxygen pre-dosed 1-1.5 ML Pt skin (dashed
lines) and 2-3 ML Pt skin (solid lines) surfaces. Both Pt surfaces were pre-
dosed with 0.14-0.15 ML of oxygen (dosed at 100 K and flashed to ≈ 240
K) prior to water adsorption. The water exposures used were equivalent to
saturation and 0.75 layers of water on Ni(111), dosed at 123 K. The TPD
peaks from the 2-3 ML Pt layer are broadened with respect to the 1-1.5 ML
Pt skin, and also appear to be shifted to slightly higher temperature. The
heating rate used was 0.8 Ks−1. . . . . . . . . . . . . . . . . . . . . . . . . . 101
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5.10 A comparison of water TPD (m/z = 18) from both the oxygen pre-dosed 1-
1.5 and 2-3 ML Pt skin layers compared to oxygen pre-dosed Ni(111) and
clean Ni(111) (dashed line). The coverage of oxygen was 0.15 ML, 0.14
ML and 0.15 ML respectively (oxygen was dosed at 100 K and flashed to
≈ 240 K prior to water adsorption). The data clearly highlights that no
high temperature peak is found on either of the Pt skin layers or the clean
Ni(111) surface. The heating rate used was 0.8 Ks−1. . . . . . . . . . . . . . 102
5.11 Isotopic exchange on Ni(111) upon dosing H182 O without oxygen on the
surface (a) (dashed lines), with 0.13 ML 16O on the surface (b), and lastly
with 0.21 ML 16O on the surface (c). The dose of H182 O was kept constant
at equivalent to one layer on clean Ni(111). The data plotted shows the
mass spectrometer signal for mass=20 (representing the unreacted H182 O
desorbing from the surface) plotted alongside the mass=18 (H162 O) signal.
H162 O arises from the isotopic exchange between water (H
18
2 O) and pre-
dosed oxygen (16O) on the Ni(111) surface, once the background (arising
from exchange on the chamber walls, contamination in the H182 O sample
and ion exchange effects in the mass spectrometer) has been accounted for
(see set (a)). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
5.12 Water TPD peaks showing the amount of isotopic exchange occurring on
oxygen (16O) pre-dosed 1-1.5 ML (dashed lines) and 2-3 ML (solid lines)
Pt skin surfaces on dosing H182 O. The exposure of H
18
2 O was equivalent to
0.25 layers (in the case of the 1-1.5 ML Pt skin) and one layer (2-3 ML
Pt skin) on clean Ni(111). The data plotted shows the mass spectrometer
signal for mass = 20 (representing the H182 O desorbing from the surface)
plotted alongside the mass = 18 (H162 O). H
16
2 O level arises from the isotopic
exchange between water (H182 O) and pre-dosed oxygen (
16O) on the Pt skin
surfaces. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
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6.1 H2O TPD data (m/z = 18) from
√
3 Sn/Pt alloy surface with coverages
ranging from submonolayer through saturation to multilayer growth. The
number of water layers reported in the legend are given with respect to
saturation on Pt(111), shown as a dotted line. The adsorption temperature
was 135 K and the heating rate was 0.8 K s−1. (i) LEED pattern from
the clean
√
3 Sn/Pt alloy surface showing the (
√
3 × √3)R30◦ diffraction
pattern. (ii) LEED pattern obtained from the same Sn/Pt alloy surface after
adsorption of a single layer of water at 135 K. Images were recorded at 100
K and are shown for an energy of 88 eV, the inner hexagon being the (1/3,
1/3) beams. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
6.2 H2O TPD data (m/z = 18) from (2 × 2) Sn/Pt alloy surface with coverages
ranging from submonolayer through saturation to multilayer growth. The
number of water layers reported in the legend are given with respect to
saturation on Pt(111), shown as a dotted line. The adsorption temperature
was 135 K and the heating rate was 0.8 K s−1. (i) LEED pattern from the
clean (2 × 2) Sn/Pt alloy surface showing the (2 × 2) diffraction pattern.
(ii) LEED pattern obtained from the same Sn/Pt alloy surface after adsorp-
tion of a single layer of water at 135 K. Images were recorded at 100 K and
are shown for an energy of 66 eV, the inner hexagon being the (1/2, 1/2)
beams. The ratio of the water saturation coverages (taking the saturation
coverage on Pt(111) as 1) are 1 : 0.85 : 0.96 for Pt(111),
√
3 Sn/Pt and
(2×2) Sn/Pt respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
6.3 Helium atom scattering distributions for a 63 meV He beam, recorded at
100 K for a fixed total scattering angle of 90◦. (i)
√
3 Sn/Pt alloy surface.
(ii) Saturation layer of water dosed at 135 K. Adapted from reference [13]. 120
6.4 Calculated structures for a 0.67 ML water layer on (a-c)
√
3 Sn/Pt(111) and
(d) Pt(111). Images show H up bilayer bonding on (a) Pt or (b) Sn atoms,
(c) H down bilayer on Pt, (d) flat water chains on Pt(111). Pt depicted as
pale grey, Sn dark grey, O atoms bonded to the surface red, H white, O of
upper water orange. Adapted from reference [13]. . . . . . . . . . . . . . . 121
6.5 LEED-IV experimental (black) and theoretical (red) profiles of the (1/3, 1/3),
(1, 0), (0, 1), (2/3, 2/3), (4/3, 1/3), (1/3, 4/3), (1,1),(2,0), (0,2), (2/3, 5/3),
(5/3, 2/3), (4/3, 4/3), (7/3, 1/3), (1/3, 7/3), (2,1), (1,2), (0,3) and (3,0) spots
following a 30 - 650 eV IV scan of an intact water layer on the
√
3 Sn/Pt
alloy. The numbers reported besides the spot number are the Pendry R-
factors for each set. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
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6.6 The workfunction change as a function of ice thickness (black squares),
plotted against DFT model structures (as shown in figure 6.4). The calcu-
lated workfunction for figure 6.4(a) is shown by a blue triangle, for figure
6.4(b) by a green diamond and for figure 6.4(c) by a red star. Only the
workfunction change for the figure 6.4(c) is in agreement with the experi-
mental data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
6.7 Comparison of structure calculated by DFT (left) and that obtained from
the LEED-IV fit (right). Interlayer and O-metal separations are given in
A˚ngstrom relative to the bulk position. Adapted from reference [13]. . . . . 125
6.8 Charge density difference plot for adsorption of a water layer on to the√
3 Sn/Pt alloy. This shows the H atom of the H-down water undergoes a
bonding interaction with the Pt atom, whilst Sn binds the oxygen of the flat,
water molecule sitting directly above it. The charge increase in between the
H and Pt can be described as an H-bond to the metal or an agostic bond
[26]. Blue dotted contours indicate electron density depletion, red lines
indicate areas which have increased electron density. . . . . . . . . . . . . . 126
6.9 Representative water TPD (m/z = 18) from (a) (
√
3×√3)R30◦ Sn/Rh(111)
alloy, (b) (
√
3×√3)R30◦ Sn/Cu(111) alloy, and two non-alloying structures
p(2× 2) and (21,13) Sn/Cu(111), (c) (√3×√3)R30◦ Sn/Ni(111) alloy, (d)
High coverage (HC) (2 × 2) Sn/Ni(111) non-alloying surface structure, (e)
c(4×2)Sn/Ni(111) non- alloying surface structure and finally (f) showing
a comparison of the Sn/Ni data against Ni(111) in the same frame. Sn/Rh
and Sn/Cu data were collected by A. Massey. All the coverages of water
given in the figure legends are with respect to saturation on the relevant
clean metal surface. The heating rates used were 0.6-1.2 Ks−1 for Sn/Rh,
0.5 Ks−1 for Sn/Cu and 0.7 Ks−1 for Sn/Ni. Water was dosed at approx 120
K on all of these surfaces. Sn was dosed onto cold (approx.100 K) substrates
for the preparation of non-alloying structures and at room temperature in
the case of the
√
3 Sn/Cu and Sn/Rh alloys. . . . . . . . . . . . . . . . . . . 128
6.10 c(4×2) Sn/Ni(111) surface structure LEED images (a) clean and (b) with
a water layer dosed at 123 K, notice the change in spot intensity and back-
ground coupled with the appearance of diffuse beams in the (1/3, 1/3) posi-
tions when water is present on the surface. Both images were recorded at
a beam energy of 89 eV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
xviii
6.11 Calculated structures for a 0.67 ML water layer on
√
3 Sn/M surfaces. Im-
ages show an H-down bilayer structure (found to be stable on
√
3 Sn/Pt sur-
face, shown in the bottom panels). For comparison one water was turned
H-up to see what effect this had on the stability of the wetting layer on
√
3
Sn/Cu. It was found to make little difference. Ni atoms are depicted in
green, Cu in brown, Rh in teal and Pt in pale grey, with Sn in dark grey in
all panels. O atoms are depicted in red with H in white, in the
√
3 Sn/Cu
1 H-up panels oxygen in the lower lying water molecules is depicted in
orange to highlight the change in water height across the surface. . . . . . . 132
6.12 Charge density difference plots for water binding to the (a)
√
3 Sn/Pt and
(b)
√
3 Sn/Rh alloys. (a) shows the H atom of the H-down water undergoes
a bonding interaction with the Pt atom, whilst Sn binds the oxygen of the
flat, water molecule sitting directly above it. (b) Highlights the difference
between the
√
3 Sn/Pt and Sn/Rh metal alloys, the bonding interactions
between water and Sn and the H-down water and metal are both reduced
on the Rh alloy compared to Sn/Pt. Blue dotted contours indicate electron
density depletion, red lines indicate areas which have increased electron
density. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
6.13 (4
√
3 × 4√3)R30◦ LEED pattern from 3.85 layers of water on a √3 Sn/Pt
alloy recorded at 44 eV (a) and 90 eV (b). Water was dosed at 135 K. . . . . 136
6.14 Chloroform TPD (m/z = 85) from a clean
√
3 Sn/Pt surface. The high tem-
perature peak desorbs at 170 K, with the low temperature peak desorbing
at 143 K. Chloroform was dosed at ≈ 100 K, the heating rate used was 1.2
Ks−1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
6.15 Chloroform study of the wetting behaviour of
√
3 Sn/Pt layer. All water
coverages are quoted with respect to a saturation layer of water on Pt(111),
water was dosed at ≈ 135 K. The dose of chloroform was kept constant
(at approximately one layer which was dosed on top of the water layer at
≈ 100 K), hence the traces are reported against the corresponding water
coverages. Water m/z = 18, chloroform m/z = 85 , the heating rate used
was 1.2 Ks−1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
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Chapter 1
Introduction
1.1 Water: strangely familiar
Water covers 70% of the Earth’s surface[31] (or 0.07% water by mass [32]) and is one
of the most abundant molecules in the universe; in our solar system alone there is an
estimated 1029g of water (≈ 20 times the mass of Earth [32]). Its presence on Earth
has allowed the development of life, both through its chemical properties, which appear
indispensible for biological systems, but also in its ability to regulate global climate. Hu-
manity’s use of water extends far beyond consumption and sanitation, ranging as widely
as its use in religious rituals, through aesthetically sublime art, figure 1.1, to the produc-
tion of energy. Water is the only molecule we regularly encounter in all three states of
matter. No other substance has been as widely exploited in all its forms; from electricity
generation in its gaseous (driving turbines) and liquid states (hydroelectric and tidal elec-
tricity, as a coolant in nuclear power stations), to sport and leisure activities in its solid
and liquid states.
In spite of its abundance and our familiarity with water, it has many characteristics
that are atypical. There was much dispute in the mid/latter part of 19th century regarding
the origin of the slipperiness of ice. James Thompson [33] thought the thin layer of
water observed on top of ice was caused by pressure induced melting. Although ice does
melt under applied pressure, lubricating the motion of glaciers for example, this does not
account for the slipperiness of ice when no external frictional force is applied, as Faraday
disputed. Ice friction is instead dominated by the spontaneous formation of a liquid-
like premelt layer on the ice surface even at temperatures well below the freezing point
[34, 35]. The identification of this spontaneously formed premelt layer is only one of the
reported unusual properties of ice[36, 37]. Both the boiling point of water and the density
behaviour of water as it is chilled can also be described as anomalous. The boiling point
of water is extraordinarily high, as such a light molecule (only 18 amu) would typically
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Figure 1.1: Exploiting the aesthetic and euphonious properties of water, the Trevi fountain,
Rome.
be expected to boil well below room temperature. The high boiling point is related to the
high specific heat capacity of water, resulting in the ocean circulation effect that strongly
influences local and global climates [38]. The density of liquid water initially increases as
it is chilled (at atmospheric pressure) to 277 K, with further chilling leading to the density
rapidly decreasing. Most liquids get increasingly dense as they freeze but water expands
by about 11%, which is why ice floats in water. The majority of water’s behavioural
anomalies can be attributed to the formation of hydrogen bonds, a topic which will be
further elaborated.
The interaction of water at surfaces has wide ranging implications across fields as var-
ied as astrophysics, to biology, to electrochemical and industrial processes. Even if water
is incidental to the surface chemistry, it may play a role in stabilising the reactants or
products. In the universe (the interstellar medium) water exists as ice, and many comets
are formed from ice or icy clusters (as are some planets). Ice provides a solid surface
on which dust particles can nucleate and reactions occur, essentially acting as a hetero-
geneous catalyst[39]. Due to the ubiquitous nature of water in our environment it plays
a fundamental role in numerous processes. In particular the interaction of water with
metal surfaces is relevant not only for surfaces operating in aqueous conditions, such as
electrochemical processes, but virtually any system working under atmospheric condi-
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tions, i.e. heterogeneous catalysis in general. Two areas which have perhaps the greatest
economic impact globally are catalysis and corrosion; catalysis is hugely important indus-
trially, reputably accounting for 35% of global GDP [40], whereas metallic corrosion alone
cost the USA ≈ 3% of its GDP in 2001 (total annual estimated direct cost of corrosion in
the US)[41]. The presence of water is sometimes entirely incidental to the active surface
chemistry, however water may improve the selectivity of a catalyst (as in the catalytic hy-
drogenation of benzene on Ru) [42] or enhance the activity of a catalyst (as seen in the
case of Au nanoparticles [43]). This thesis focuses on the interaction of water with metal
surfaces and the structures that water adopts.
1.2 Why surface science?
Catalyst surfaces are complex, often multi-faceted or consisting of an array of metallic
nanoparticles supported on a high surface area support material. With many crystalline
faces involved, understanding the fundamental interactions occurring at the molecular
level is extremely challenging. Instead, in order to gain an insight into the processes oc-
curring at the surface an idealised, “model” system must be used. Surface science uses
ideal, well defined single crystalline metal surfaces studied under clean, controllable ultra
high vacuum (UHV) conditions. These stringent procedures allow for reliable and re-
producible experiments to be performed and the resultant findings to be interpreted and
understood in detail. An additional benefit of the UHV conditions, besides cleanliness, is
the ability to use diffraction techniques to probe the surface structures, see Chapter 2 for
further details.
1.3 Water interactions and structure
Figure 1.2: Lewis dot construction of a water molecule.
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Initially considering an isolated H2O molecule in terms of a Lewis dot construction,
oxygen has two lone pairs of electrons and the remaining four valence electrons shared
between the O and H atoms represent the covalent intramolecular bonds, figure 1.2. The
electron lone pairs on the oxygen atom render it a good electron donor, thus water tends
to bind to metal substrates through electron donation (behaving as a Lewis base) with
the substrate accepting the electron density (acting as a Lewis acid). The isolated water
molecule has a bond length of 0.9575 A˚, with the two H atoms and the lone pairs ar-
ranged approximately tetrahedrally around the oxygen, creating an HOH bond angle of
104.5◦. The resulting dipole moment of 1.85 D[42] reflects the strong electron polarisa-
tion towards oxygen, leaving a net positive charge on the H atoms. This strong charge
polarisation results in attractive intermolecular interactions between O and H of adjacent
water molecules, leading to the formation of hydrogen bonds. Hydrogen bonds typically
range from ≈ 0.1 to 0.3 eV in energy (compared to 5.1 eV for the covalent O-H bond in
water), with the exact value depending on the geometry and bond length [1, 42]. Hydro-
gen bonding tends to be described in terms of electrostatic and polarisation interactions
(the suggestion that covalent interactions play a role is disputed) [1].
Figure 1.3: Schematic showing the redistribution of electron density due to hydrogen bond for-
mation in the water dimer and the consequent symbiotic increase in H-bond strength
for further H-bonding. Adapted from reference[1].
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Within a hydrogen bonding network each water molecule is able to donate two H
atoms to O of neighbouring water molecules and accept two H atoms. Typically increasing
the number of bonds between species results in an increase in the overall binding energy
but a reduction in the average bond strength. However, in the case of hydrogen bonding
this is not necessarily the case. The formation of a hydrogen bond alters the polarisation
of the participating water molecules, increasing the water dipole moment[44] and hence
the ability to make further hydrogen bonds. Formation of the first hydrogen bond results
in the lengthening of the covalent O-H bond of the proton donor, affecting a redistribu-
tion of electron density towards the oxygen atom and making it a better proton acceptor.
Correspondingly the acceptor molecule becomes a better proton donor as formation of the
hydrogen bond polarises electron density away from the protons towards the oxygen and
the newly formed hydrogen bond [38], figure 1.3. The formation of the hydrogen bond
leads to a reduction in the inter-molecular distance between oxygen atoms as the bridging
proton compensates for the repulsive interactions between the oxygen atoms [1]. Forma-
tion of further H bonds leads to a decrease in the R(O-O) distance whilst the strength of
the H bonds correspondingly increases. This cooperative effect, where the donor molecule
becomes a better proton acceptor and vice versa, counteracts the usual inverse correlation
between the number and strength of bonds formed.
At temperatures below 273.15 K (at atmospheric pressure) water condenses into ice
as the hydrogen bonding network freezes the molecules into a crystalline lattice. Ice has
a complex phase diagram, with twelve different phases known [45], most of which are
formed only at high pressure. The O-O separations do not decrease in the forms of ice
formed at high pressure, instead the O-O bond angles distort and the H-bonding network
rearranges[42, 45]. The common forms of ice are Ih and Ic. Ih has an hexagonal unit
cell (with ABAB... stacking); Ic has a cubic unit cell (with ABCABC... stacking)[42]. In
the 1930’s Bernard, Fowler [46] and Pauling[47] (BFP) created a set of rules to describe
the arrangement of water molecules in ice. Thiel and Madey[42] summarised the rules as
follows:
1. Each oxygen atom has two hydrogen atoms attached at 0.96 A˚ with an H-O-H bond
angle of about 105◦.
2. Each oxygen atom is tetrahedrally bonded to four other oxygen atoms by hydrogen
atoms which are on the O-O axes.
3. There is only one hydrogen atom on each O-O axis.
4. Non-adjacent molecules do not interact sufficiently to stabilise any particular struc-
tural configurations.
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Figure 1.4: A schematic representation of bulk ice Ih, showing the regular hexagonal arrange-
ment of the O atoms (circles) in contrast to the random proton ordering (H atoms
depicted as small grey circles, top right). The oxygen atoms shaded grey (at the
bottom of the image) highlight the puckered nature of the hexagonal rings of water.
Adapted from Doering and Madey [2].
The resulting ice structure consists of water molecules bonding in an array of hexag-
onal rings, figure 1.4, half of the molecules in each hexagonal ring are raised out of the
plane of the other three in order to achieve a tetrahedral bonding environment. This reg-
ular alternation in the relative heights of the water molecules is the origin of the term
“bilayer”. It should be noted that although the position of the oxygen atoms are arranged
in a periodic pattern, the hydrogen atoms are arranged randomly within the constraints
of the BFP rules [48].
1.4 Water binding to a surface
Water can adsorb molecularly or dissociatively on metal surfaces. Dissociation is an acti-
vated process requiring thermal energy or irradiation (e.g. electrons or X-rays) in order to
proceed. The crystal face, step sites and co-adorbates (in particular oxygen) can all serve
to promote dissociation. Typically partial dissociation, where H2O decomposes to OH and
H, is observed, total dissociation to O and H is far less common [42]. Verifying partial
dissociation of water experimentally is demanding, as OH and H2O share many similar
spectroscopic properties. OH binds to the surface more strongly than H2O, so a high tem-
perature shifted temperature programmed desorption (TPD) peak is a good indicator of
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partial dissociation (as is oxygen isotope scrambling∗). Additionally, the presence of hy-
droxyl species on the surface has been shown to have a striking impact on the structure
of the water layer [17, 49–51]. Focussing solely on molecularly adsorbed water on metal
surfaces, Thiel and Madey [42] laid out a list of generalisations based upon experimental
and theoretical studies of water binding to a metal substrate;
1. Water binds through the oxygen atom’s 1b1 orbital to the surface. Direct bonding of
hydrogen to the surface is rare.
2. Bonding is accompanied by net charge transfer to the surface, so that water acts as a
Lewis base. Charge transfer to the surface manifests itself in a decrease in the work
function upon adsorption.
3. The internal bond angle, bond lengths and vibrational frequencies of the water
molecule are only slightly perturbed from the gas phase values by interaction with
the surface.
4. Formation of hydrogen-bonded clusters is common even at very low coverages as
hydrogen bonding between two or more H2O molecules is often energetically com-
petitive with the molecule-substrate bond. [42]
A number of experimental and theoretical studies (see [1, 52] and the references
therein) have been devoted to determining the optimal binding location and geometry
of a water monomer. The common conclusion from the experimental findings is that wa-
ter favours binding directly atop a metal site on close packed f.c.c.(100), (110) and (111)
metals[1, 52]. DFT calculations were in agreement with the experimentally determined
binding site and went on to predict that H2O monomers favour a virtually flat lying config-
uration. The physical basis for this near parallel orientation to the surface was established
by following the interaction between metal and the two highest occupied molecular or-
bitals of water, the 3a1 and 1b1 O “lone pair” orbitals. These orbitals are perpendicular to
each other, so an upright water molecule would interact through the 3a1 orbital, whereas
a parallel geometry would demand interaction through the 1b1 orbital. The 1b1 orbital is
closer to the Fermi level and examination of the change in electron density shows electron
density is lost from the 1b1 orbital of water (and metal dz2) and gained in the metal dxz
and dyz orbitals [1]. Further DFT investigations have been conducted investigating wa-
ter structures (dimers, hexamers, small clusters) in addition to isolated molecules. These
calculations have found the atop adsorption site typically remains favoured, but varying
∗For example the surface may be pre-dosed with oxygen 16O and then exposed to isotopically labelled water H182 O,
the mass of species desorbing from the surface can be monitored to record any H162 O that may have been created
through a recombination reaction of 16OH + 18OH on the surface.
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the reactivity of the metal substrate alters the balance between optimising the hydrogen
bonding and the water-metal interaction, changing the geometry of the water clusters [1].
Initially, the structure of a complete water network on a metal surface was believed to
be analogous to the “bilayer” structure of bulk ice, which optimises its hydrogen bonding
network. Since the O-O bond length in ice Ih is 2.76 A˚ at 273 K (2.74 A˚ at 90 K), a com-
parable size to the nearest neighbour distance in transition metals[42], the observation of
a (
√
3×√3)R30◦ low energy electron diffraction (LEED) pattern of water on many close-
packed surfaces suggested that water adopted a commensurate adsorption site. If water
remained in a bulk ice arrangement on a transition metal surface, with a commensurate
adsorption site, the O atom of the lower water would bond directly to the atop site of the
metal, figure 1.5. This would force water to adapt its lateral lattice parameter in order to
match the metal spacing. The upper water molecule, not directly binding to the substrate,
makes three hydrogen bonds (one donating, two accepting) with its neighbours. This
leaves one remaining hydrogen uncoordinated which may point down towards the metal
surface (figure 1.5 (a)) or up into the vacuum (figure 1.5 (b)).
Figure 1.5: Schematic representation of an idealised (proton ordered) water bilayer adsorbed in
a (
√
3 × √3)R30◦ arrangement on a close packed metal surface. The upper half of
the bilayer water is shown in (a) an H-down geometry and (b) an H-up geometry.
(c) Partially dissociated structure containing equal quantities of OH and water in a√
3 unit cell. The O atoms are nearly co-planar in this arrangement. Adapted from
Hodgson and Haq [1].
1.4.1 Downfall of the bilayer model
Experimental studies of water adsorption clearly show that hydrogen bonding is critical in
stabilising adsorption, but direct evidence supporting the bilayer model is scant. Taking
Ru(0001) as an example, the water layer has a somewhat diffuse
√
3 LEED pattern, and
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a LEED-IV study showed the water layer has co-planar oxygen atoms, inconsistent with
a bilayer structure [53]. (Formation of partially dissociated water layer, as shown in
figure 1.5 (c), also does not fully account for the experimental findings). Interest in
re-evaluating the water structure was stimulated by new experiments and in particular
Feibelman’s paper on Ru(0001)[54]. In this paper Feibelman used DFT calculations to
show that the binding energy obtained for an intact bilayer structure was too low to
stabilise a continuous wetting layer over the formation of 3D ice clusters. The realisation
that the bilayer model does not provide an adequate representation of the water structure
actually formed raised questions about the general understanding of water adsorption.
Abandoning the bilayer model as the assumed structure adopted, along with the re-
alisation that some earlier experimental conclusions were unjustified, or were caused by
electron or X-ray damage, has lead to an improved picture of water adsorption. The as-
sumption of a commensurate bilayer type ice structure is far too simplistic. Instead it has
been found that water structures can adopt an array of 1D, 2D, or 3D networks depend-
ing on the chemical reactivity of the surface, the surface symmetry, lattice parameter and
the balance between the strength of the hydrogen and water-metal bonding [1]. H2O
is unique among small adsorbates in that the hydrogen bonds (attractive lateral interac-
tions) can be comparable in strength to the molecule-substrate interactions [42]. The close
match of the water-metal and water-water bond strength means that the water structure
adopted is sensitive to the substrate, favouring a structure which simultaneously optimises
both the intermolecular water bonding interactions and water-metal bonding. An apt ex-
ample of this is the water structure on Pt(111). Originally reported as a (
√
3 × √3)R30◦
LEED pattern [42, 55] and thus described as a water bilayer, further experimentation in
fact found water forms a (
√
39 × √39)R16◦ LEED pattern for an intact water monolayer
[51, 56–58]. This large pseudo-incommensurate unit cell structure is consistent with wa-
ter adopting a range of adsorption sites on the surface, sacrificing the optimal water-metal
bonding in order to improve its long-range hydrogen bonding. The exact, unambiguous
molecular details of the water molecules in this structure are out of the reach of exper-
iment and theoretical methods cannot reliably compute structures with such large unit
cells. However, two groups recently investigated this wetting layer using STM combined
with DFT [12, 59]. Although their interpretation of the STM images has not resulted in an
unequivocal molecular model of the water structure, it represents the significant progress
made in this field towards being able to unravel the molecular structure of large unit cell
water structures.
The water structure on Pd(111) requires a similar re-evaluation, as originally a water
bilayer was assumed [60], but a full picture of the molecular details of the actual struc-
ture of this layer are still unclear. The water layer has been shown to wet the surface,
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with the monolayer desorbing some 15 K above the multilayer [60]. XPS measurements
confirmed that the water layer adsorbs and desorbs intact [61]. Salmeron and co-workers
[15, 62, 63] have performed a range of STM investigations into low coverage water clus-
ters on Pd(111); their findings highlighting the previously identified preference for water
to adsorb flat (parallel to the surface) and atop the metal. They found water forms small
commensurate hexagonal rings that aggregate into larger clusters made of side-sharing
hexagons in a (
√
3×√3)R30◦ network. However, a complete intact wetting layer has not
been subject to such detailed scrutiny and further study is required in order to elucidate
the structural arrangement of water on Pd(111).
1.5 Water on open faces
The majority of studies of wetting layers have been conducted on close packed metal
surfaces. The three-fold symmetry of the (111) surface was thought to be ideal for an
ordered hexagonal wetting layer to form. Much less is known about the water structures
on more open surfaces with non-hexagonal symmetry, such as Ni(110). As the bilayer
model fails to provide an accurate description of the molecular arrangement of water on
the (111) surface, it appears unlikely to fair any better on a more open surface. The
f.c.c. (110) surfaces are much more reactive than their close packed counterparts, having
similar activation barriers to water desorption and dissociation. Early studies suggested
the water layer formed a distorted c(2×2) ice bilayer on Ni and Cu(110), however it is now
known that this phase is stabilised by OH groups [64]. A recent study of intact water on
Cu(110) found that, at low coverage, pentagonal hydrogen bonding motifs were preferred
to the more typically assumed hexagonal ones [11]. Five membered rings are favoured on
this surface in order to minimise the degree of strain in the ring, driven by the short lattice
spacing of Cu(110), whilst still maintaining a good water-metal interaction and hydrogen
bonding network. This observation highlights the great flexibility and substrate specificity
of the structure adopted by water.
The discovery of the novel pentagonal structural motif on Cu(110) suggests that un-
usual low dimensional structures might be found at low coverages on other surfaces, such
as Ni(110), driven by the preference of water to adsorb flat atop the metal and the large
mismatch between the lattice parameter and symmetry of the (110) substrate and that
of ice [1]. Despite the similar appearance of the H2O/OH TPD spectra from Ni, Ag and
Cu(110) surfaces, the structures observed appear to be substrate specific. An example of
this would be considering the pure OH phases on Ag and Cu(110). On Ag(110) [65] the
OH groups are thought to bind at the threefold hollow site, and are arranged into ordered
(1×2) chains growing parallel to the [11¯0] direction, whereas on Cu(110) the OH groups
bind at the short bridge site, forming dimers which point along the [001] direction [22].
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Further work is also needed to understand the range of structures formed from mixed
OH/H2O phases and to understand the bonding of water and OH in the complete c(2× 2)
phase. STM studies into this area would be invaluable in addressing these issues.
1.6 Increasing the complexity of the surface; water on bimetallic al-
loys
As previously highlighted the bilayer model has fallen out of favour as the structure water
is expected to adopt at the metal interface, however a surface can be tailored specifically
to promote the formation of the bilayer structure. Surface science has traditionally fo-
cussed on studying reactions on single metal crystals but the interest in bimetallic alloys
has increased in recent years due to the rising cost of catalytically relevant metals† coupled
with a desire to attain an understanding of the adsorbate/substrate interactions. Creating
a bimetallic alloy surface allows the electronic and geometric properties of a surface to be
altered; this flexibility allows a surface with ideal chemical characteristics to be created
to support an ice-like bilayer (see chapter 6). This ability to tailor surfaces is not only
limited to the design of an alloy capable of supporting a particular wetting structure but
these surfaces are important in their own right as catalysts. The range of surface sites
and the chemical activity of an alloy surface allows for particular reaction pathways to
be promoted, or retarded as required. Alloying catalytically active elements in order to
produce an alloy with enhanced reactivity or contamination tolerance has obvious bene-
fits. Understanding the effect on the reactivity, and specifically the selectivity, caused by
intermixing different elements is of great interest to optimising industrial processes.
The ability to tailor a catalyst in order to achieve the desired reactivity or selectivity,
based on an appreciation of how the catalyst enhances a reaction, is a tantalising goal.
However, as predicting the properties of a bimetallic alloy a priori is beyond our present
understanding, experimental research into this field is essential. Intermixing two metals
to create an alloy induces strain, resulting in chemisorption properties different to that of
the parent metals. This change in the ability of the alloy to form bonds to an adsorbate, in
a manner distinct from its parent metals, leads to the possibility of exploiting the degree
of strain to manipulate the reactivity of a metal [66]. This effect is termed the electronic
effect, as the overlap of the bonding orbitals is altered [67] by the introduction of a sec-
ondary metal. Alloying two metals can also lead to a change in the surface symmetry by
the creation of different surface sites, this is referred to as the geometric effect. There
is more than one type of bimetallic surface alloy possible, substitutional and skin. In a
†In the first half of 2010 the average price of Pt was $1,595/oz (USD), up 32% from the same period the previous
year. (From; Johnson Matthey http://www.platinum.matthey.com/pgm-prices/price-charts/)
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substitutional alloy both guest and host metal atoms are present in the uppermost layer
(i.e. (
√
3 × √3)R30◦ Sn/Pt) whereas in skin alloys the guest metal coats the surface of
the host metal (i.e. the annealed Pt/Ni(111) alloy surface). Both of these types of alloys
can be made either by dosing guest metals onto host metals or by production of a bulk
metal alloy which can be annealed or sputtered to achieve a particular surface termination
[68–70].
An area in which there has been specific interest in developing efficient catalytically
active electrodes is in proton exchange membrane fuel cells (PEMFCs) (or following Sta-
menkovic et al’s[70] nomenclature the first two letters instead stand for “polymer elec-
trolyte”). The anode reaction is the reduction of hydrogen, a relatively facile process
compared to the oxygen reduction reaction (ORR) occurring at the cathode. Interest in
developing marketable, cheap fuel cells is driven by the need to fulfil our energy de-
mands whilst relieving the dependence on fossil fuels (hydrogen would be produced from
biomass). Achieving this end requires optimisation of the cathode material to facilitate
the ORR whilst bringing down the amount of Pt used. The simplicity of the reactants and
products of the ORR belies the complexity of this reaction. A large number of possible
reaction steps can be envisaged from these starting products and intermediates; Ford et
al.[71] sort them into four categories; reactant adsorption, hydrogenation, O-O bond scis-
sion and product desorption, and list some of the possible reaction steps;
Adsorption
O2(g)A O2
Hydrogenation
O2 + HA OOH
OOH + HA HOOH
OOH + HA OOHH
HOOH + HA HOOHH
O + HA OH
OH + HA H2O
2OHA H2O + O
O-O bond scission
O2 A 2O
OOHA OH + O
HOOHA 2OH
OOHHA H2O + O
Desorption
HOOHA HOOH(g)
H2OA H2O(g)
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This list of reaction steps is in no way comprehensive, however, it does provide a hint at
the level of complexity of this problem, as any one of these reaction intermediate steps
could be rate limiting or a particular species be site blocking. Two alloys which have been
shown to have an improved activity for the ORR are Sn/Pt [72] and Pt/Ni [70], however
the exact details of how they enhance the reaction remains a topic of discussion.
1.6.1 The Sn/Pt substitional alloy
The Sn/Pt system has been identified as of particular interest, due to its resistance to CO
poisoning compared to pure Pt(111) (as CO oxidation can occur on the Sn/Pt surface un-
der fuel cell reaction conditions) [73]. Both the bulk and surface alloys have comparable
surface geometries, either having a (2 × 2) or reconstructed (√3×√3)R30◦ termination,
with the Sn atoms buckling outward due to their larger atomic radius [74]. (This alloy
does not favour formation of a surface segregated pure Sn layer on Pt, instead the out-
ermost layer comprises both Pt and Sn atoms [75]). The alloy’s industrially appealing
applications have lead to the Sn/Pt system being studied extensively both experimentally,
under UHV [13, 68, 69, 74, 76–85], under electrochemical conditions [73, 86–88], and
also theoretically modelled [30, 89]. It has been suggested that Sn/Pt’s remarkable activ-
ity towards CO electro-oxidation is caused by the absence of adsorption site competition:
the formation of OHads on Sn occurs at low potentials, in conjunction with CO preferring
to adsorb to Pt [90]. The generally accepted mechanism for CO removal from this surface
is called the “bifunctional mechanism”, where the CO adsorbed on the Pt is preferentially
oxidised by the oxygen containing, OH species on Sn [91]. The bifunctional nature of
the alloy, where the adsorbates bond in an element specific fashion, strongly favouring
interaction with either Pt or Sn, serves to optimise the CO oxidation reaction.
Despite this suggested “bifunctional mechanism” the precise nature of the adsorption
site of OH is still unresolved [73, 90]. Energetically OH has been calculated to bind more
strongly to Sn than Pt [91], yet in the presence of water this may not be the case. Lively
debate exists in the literature regarding the exact adsorption site of OHads and/or water
[73, 88, 90] and if Sn does in fact promote the activation of water under potential control
[91–95]. Stamenkovic´ et al.[73] suggest that oxidized Sn atoms covered with OHads exist
simultaneously with “non oxidised” Sn atoms on the alloy surface. However, this assign-
ment of surface Sn atoms being in either an oxidized or non-oxidized state fails to explain
why initially chemically identical Sn surface atoms behave differently. Hayden and co-
workers [88] instead found all surface Sn atoms to be in the same oxidation state, which
they associated with OHads. Investigation into the intact water and mixed H2O/OH struc-
tures under UHV conditions would give an insight into the validity of the “bifunctional
mechanism” providing evidence for any preferred adsorption sites.
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1.6.2 The Pt/Ni skin alloy
The Pt/Ni skin alloy has been identified as a particularly active catalyst for the oxygen
reduction fuel cell reaction [72]. The enhanced reactivity cannot be explained as due to
any type of “bifunctional mechanism” as on Sn/Pt, because only Pt atoms are present at
this surface. Instead, the activity of the Pt/Ni skin must be attributed to some other factor.
The enhanced reactivity of the skin alloy over the bulk Pt(111) crystal has been attributed
to either a surface strain effect, resulting from the Pt atoms sitting closer together due to
the smaller Ni lattice spacing [66] or the electronic effect of the underlying Ni substrate
[96]. In van der Vliet et al.’s[97] recent electrochemical study they attribute the altered
electronic properties inducing a change in the adsorption behaviour as the origin of the
high ORR activity. However, the effect of water at the electrode interface has tended to
be based on an assumed model and requires further investigation. Understanding the
complex water-ion-adsorbate/metal interaction is essential for, amongst other things, the
development of electrocatalysts for fuel cells [98]. Overwhelmingly the numerous theo-
retical approaches to modelling the structure of the electrochemical water interface find
the layer to be highly organised, even at ambient temperatures [98]. The structure is often
referred to as “ice-like” due to the hydrogen bonded ring structures. This has obvious links
to the low temperature, low coverage ice structures investigated in UHV, highlighting the
relevance to investigating the ice structure formed on the catalytically useful Pt/Ni skin
alloy.
1.7 Thesis overview
Although our understanding of the factors governing water structures at metal interfaces
has improved greatly since the collapse of the bilayer model, many issues still remain.
The work in this thesis aims to address some of the outstanding gaps in our knowledge.
The picture emerging is that the water structure created is dependent upon the delicate
balance between the water-metal and water-water interactions. The intact water layer
on Pd(111) is revealed to be commensurate with the substrate, but in order to remain
in registry with the metal the structure contains inherent disorder (sharing some similar-
ities to the water layer on Ru(0001)), detailed in chapter 3. A bimetallic Sn/Pt surface
alloy is created, the specific surface architecture promoting a particular “buckled” wetting
structure, akin to a water bilayer. The range of bimetallic alloy “template” surfaces over
which the buckled water structure is stabilised is also investigated, addressed in detail
in chapter 6. Moving to a Pt/Ni skin alloy, the subsequent water layer was explored in
chapter 5, highlighting that the electronic effect of a host metal has a striking impact on
the water adsorption/desorption and structure. Finally, a preliminary STM study into the
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water structure on the reactive Ni(110) surface is presented in chapter 4. In addition to
the work presented in this thesis two other systems were also investigated; a deep inelastic
neutron scattering study investigating the quantum dynamics of protons in crystalline ice,
and an investigation into the binding of water to tartaric acid on a Cu(110) substrate. In
the interests of brevity this work has been omitted but can found in reference [99] and in
work yet to be published 8.1, respectively.
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Chapter 2
Experimental
Experimental surface science is concerned with investigating surface reactions, creating
and subsequently probing surface structures, as well as delving into the nature of ad-
sorbate interactions with either the underlying substrate or co-adsorbates. In order to
prepare and study these systems it is imperative to create an environment essentially free
from contaminants. Conducting experiments under ultra high vacuum conditions allows
the user a great degree of control over the substrate environment, by ensuring virtually
all residual gas is eliminated. Working under such stringent conditions allows for the
use of a range of surface sensitive techniques, such as those based upon diffraction. This
chapter details the key experimental equipment and techniques used to obtain the results
presented in subsequent chapters.
2.1 Ultra High Vacuum Chambers
The majority of the experiments described here were conducted in one of two UHV cham-
bers. A schematic of both chambers is given in figure 2.1 and figure 2.3. The first system,
figure 2.1, consists of a three stage differentially pumped chamber with a turbo pumped
molecular beam section. Two of the differentially pumped stages are the He source and
detector path sections, with the third stage being the main chamber, which is used for
surface preparation and analysis. Each stage is pumped independently by a water cooled,
chevron baffled Edwards diffusion pump. The main chamber diffusion pump is topped by
a liquid nitrogen cooled cold trap, which cryogenically pumps any condensable gases and
contaminants thus minimising the gas flow back to the sample. Additional pumping is
provided to the main chamber by a titanium sublimation pump (TSP), which is fired peri-
odically and can also be liquid nitrogen cooled to provide extra pumping as required. All
of the UHV pumps on both systems are backed by Edwards two-stage rotary pumps, capa-
ble of pumping between 5 and 18 m3hour−1. The advantage of using a diffusion pumped
2.2. Sample preparation
chamber is the efficient pumping of light gases, such as hydrogen and helium, they pro-
vide. This allows the use of such gases in our experiments, and specifically enables us to
perform helium atom scattering experiments (HAS), see section 2.6.
The He atom source consists of a temperature-controlled nozzle, differentially pumped
by D1,2 and 3, as shown in figure 2.1. The detector arm is at a fixed scattering angle of 90◦
and contains a cross-beam QMS, triply differentially pumped by turbo molecular pumps,
labelled T1 and T2 in figure 2.1, which are in turn backed by mini diffusion pumps in
order to achieve enhanced pumping of He. Additional pumping is provided by an ion
pump (I1), resulting in typical base pressures in the low 10−10 to 10−11 mBar range. The
water beam consists of an effusive glass nozzle, pinhole skimmer and collimating aperture,
differentially pumped by 240 ls −1 turbo pumps (T3 and T4).
The second chamber, figure 2.3, also has an effusive molecular beam to control the
dose of water or other relevant adsorbate gas being used in the experiment. The beam
is differentially pumped by two diffusion pumps, D1 and D3, and defined by a skimmer
and collimating aperture, resulting in a beam with a diameter of ≈ 5 mm. This cham-
ber is pumped in a similar manner to the first, also being differentially pumped in three
independent stages, however it is not set up for HAS experiments. This chamber is addi-
tionally equipped with a tartaric acid doser, comprised of a glass phial (filled with high
purity tartaric acid) externally wrapped with a heating filament and thermocouple, and
an Auger analyser (not used in the experiments detailed in this thesis).
Both chambers have been designed to accommodate a range instruments, offering an
array of surface analytical techniques. Each chamber is equipped with a manipulator able
to translate the sample in x, y and z directions, and rotate about θ due to a differentially
pumped 360◦ rotatable seal, see figure 2.2. The sample is attached to the central stainless
steel dewar via a 4-pin K-type thermocouple feedthrough, bolted to the bottom of the de-
war. The two Cu pins allow the sample to be attached to the manipulator, and when the
dewar is filled with liquid nitrogen, to be conductively cooled. In addition to the equip-
ment outlined above, both chambers house an argon ion gun (VSW AS10), multiple ion
gauges, LEED optics (either OCI multichannel plate or standard VG optics), a metal doser
(for dosing either Sn or Pt) and at least one quadrupole mass spectrometer (QMS) (VG
Mircomass, VG Thermo Smart-IQ+ and Hiden X-beam). Both systems routinely achieve
base pressures of less than 2×10−10 mBar, after bake (approximately 150◦C).
2.2 Sample preparation
In order to conduct surface science experiments well-defined crystal surfaces must be
used and correctly prepared before embarking. The crystals (Pt(111), Pd(111), Ni(111)
and Ni(110)) were all prepared to within ±0.25◦ of the desired face, (111) or (110)
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Figure 2.1: Schematic diagram of the first experimental chamber, red line denotes path of He
atoms from nozzle to detector. (Figure adapted from reference [3]). D1,2,3 and 4
are diffusion pumps, T1,2,3 and 4 are turbo molecular pumps (where T1 and T2
are each backed by a mini diffusion pump to increase the pumping speed during
HAS experiments). I1 is an ion pump and TSP is the titanium sublimation pump.
GV represents the gate valves. The six rotary pumps are not shown: three rotaries
provide backing to the diffusion pumps, one is used solely for the He and Ar gas
lines, one backs the turbo molecular pumps on the water beam and one is used to
provide extra pumping capacity when a HAS experiment is being performed.
respectively, and were supplied by the Surface Preparation Laboratory, The Netherlands.
The crystal is mounted onto two Ta heating wires spot welded to Ta posts, connected to
the Cu pins attached to the base of the liquid nitrogen cooled manipulator, allowing rapid
heating and cooling of the crystal between 100 and 1000 K. (The sample was resistively
heated via a direct current heating supply). Sample temperature was monitored via a K-
type thermocouple, spot-welded to the back edge of the crystal. See section 2.14 for details
of how the sample was mounted for STM study. The sample was cleaned by repeated
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Figure 2.2: A schematic view of the manipulator mounted upon the chamber in figure 2.1. This
diagram shows the degrees of freedom available (red arrows); motion in the x, y and
z directions as well as rotation about θ, and lastly tilt. Motion in all of these planes
must be optimised in order to properly align the desired scattering azimuth of the
sample, for a successful HAS experiment to be conducted.
cycles of Ar+ ion sputtering (≈ 500 eV Ar ions, with a drain current in the region of 5 to
7 µA) and subsequently annealed to ≈ 1000 K to reorder the surface. The duration of a
typical sputter cycle was between 15 and 20 minutes. The anneal temperature of ≈ 1000
K was used for the Pd(111), Pt(111) and Ni(111) samples, a lower temperature (≈ 650 K)
was used when annealing the Ni(110) sample in order to minimise carbon from the bulk
migrating to the surface. Pt(111) was subjected to a further cleaning procedure in order
to remove any carbon contamination. Carbon contaminants can be removed by exposing
the Pt crystal to a low dose of oxygen via the molecular beam, whilst holding the crystal
at ≈ 500 K, resulting in the formation of CO2 which desorbs from the surface. The crystal
could then be flashed or briefly sputtered again in order to remove any residual oxygen
on the surface.
LEED was used to check the atomic order of the surface after the initial cleaning pro-
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Figure 2.3: Schematic of the UHV chamber used for investigating the effect water has upon a
layer of tartaric acid upon Cu(110). This chamber is equipped with a standard VG
LEED optics, QMS, a molecular beam and a tartaric acid doser. It also has an Auger
hemispherical spectrometer and a tin doser.
cess, a sharp (1 × 1) pattern indicating a well ordered sample (a low background and no
additional LEED spots suggests the surface is well ordered and clean). Sample cleanliness
was also monitored by repeated water temperature programmed desorption (TPD), which
could be compared to both previous experiments and literature values, where appropriate.
Water is a sensitive probe to surface defects and adsorbates, the presence of such species
prohibits the clear monolayer-multilayer TPD profile. Broad peaks and high temperature
shoulders in the TPD data indicate the surface requires further cleaning. The surface
cleanliness of each sample was established before further experiments were undertaken.
HAS could also be used to judge the surface cleanliness, as the He reflectivity dramatically
drops when the crystal surface is contaminated or rough. The cleanliness of the Pt(111)
crystal could be further checked by dosing water and seeing if the (
√
37×√37)R25.3◦ or
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(
√
39×√39)R16.1◦ LEED pattern was present. These highly ordered water structures are
only observed on large, clean, flat terraces of Pt(111) and provides a definitive test of the
cleanliness of this surface.
2.3 Dosing gases, adsorption and desorption
The advantage of both of the chambers described above is the ability to dose gases using a
molecular beam, giving a great degree of control over the gas exposure used. By varying
the backing pressure of gas the flux of the effusive beam can be controlled. The flux of
the beam was measured as the time taken for a particular gas to saturate the surface.
For water, an adsorbate which is able to form multilayers, saturation is determined as
the dose just before a low temperature multilayer peak is observed in the TPD data (a
typical flux was of the order of 0.006 layers s−1 and 0.09 layers s−1 on chamber 1 and
2 respectively). Alternatively, the temperature of the crystal could be increased to the
point at which adsorption beyond saturation of the surface is disfavoured. When oxygen
was dosed onto a surface (in order to produce a mixed OH+H2O layer) the adsorption
temperature was typically 100 K. The surface was then rapidly annealed to ≈ 240 K to
ensure the oxygen had dissociated and created an ordered network on the surface prior to
water adsorption. The way the crystal is mounted and gases are dosed via molecular beam
are optimised in order to give the best possible TPD data. The diameter of the molecular
beam is closely matched to the surface area of the crystal, thus eliminating significant
amounts of water adsorption on the sides and back of the sample, or on any other cold
part of the feedthrough. Mounting the crystal directly onto the heating wires ensures that
gas is only desorbed from the sample during TPD measurements, allowing the quality of
the water layer to be accurately assessed.
2.3.1 Molecular beam uptake
A retractable flag was placed in front of the crystal to accurately control the surface ex-
posure to the molecular beam. This allowed the water coverage to be obtained directly
by measuring the uptake required to form a saturated ice monolayer at the surface, using
the King and Wells direct reflection technique[4], figure 2.4. The equipment used consists
of a QMS, set to record the relevant mass, a molecular beam with backing pressure of the
desired gas, and a retractable flag initially blocking the beam path to the substrate. The
QMS begins recording the pressure in the chamber, which is observed to rise at time, tMB
(figure 2.4) as the beam is admitted into the chamber. The flag is then removed, at time,
ts, allowing the beam to impinge upon the substrate, a drop in pressure is observed in the
QMS signal as gas adsorbs to the surface. Once the required dose time is reached the flag
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is replaced, tf , again blocking the beam and halting gas adsorption ending the dose. The
magnitude of the pressure drop seen when the beam is incident on the surface (between
time ts and tf ) is determined by the sticking probability. The sticking probability, S, is
defined as the ratio of adsorption rate to bombardment rate, calculated by equation 2.1:
S = (P0 − P1)/P0 (2.1)
P1 remains constant if the surface temperature, flux of gas and number of surface adsorp-
tion sites remain fixed. However, if the surface sites, for example, start to become filled
and multilayer growth does not occur P1 will tend towards P0, eventually reaching P1 =
P0 as the surface saturates, corresponding to zero sticking.
Figure 2.4: Schematic representation of the King and Wells uptake experiment for determining
the sticking probability of an adsorbate gas [4]. At tMB the molecular beam of gas is
allowed into the chamber, resulting in a pressure increase, at ts the flag blocking the
beams path to the crystal is removed, resulting in a pressure descrease as gas adsorbs
to the surface. After the desired dose time has elapsed the flag is replaced at time
tf , and a pressure increase is observed. The pressure only drops when the molecular
beam is shut off from the chamber, allowing the pressure to return to its previous
value.
2.3.2 Temperature programmed desorption (TPD)
TPD experiments provide a relatively easy way to establish the kinetics of the surface
process through straightforward quantitative analysis, but require much more care to be
unambiguously and definitively interpreted [100]. Once the desired gas has been dosed
upon the crystal, the QMS is set to monitor the relevant mass as a function of time. The
sample is then heated at a constant rate (typically ≈ 1 Ks−1) causing the adsorbate to des-
orb once they have sufficient thermal energy. As desorption begins there is an increase in
the partial pressure of the gas, which reaches a maximum, and begins to drop as the con-
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centration of adsorbed particles drops to zero. The resulting TPD peak is a measure of the
partial pressure against time, which can be converted to a temperature scale. TPD mea-
surements provide a measure of the water coverage by calibration against the saturated
monolayer. Typically the coverage of H2O and/or D2O was calculated from the desorp-
tion integral, with one layer corresponding to the coverage just below the appearance of
a multilayer desorption peak in the TPD spectra. The detector used for the majority of
the TPD measurements was an unshielded VG Smart-IQ+ QMS, located near the sample
surface, in the main experimental chamber, figure 2.1.
2.4 Dosing metals: Creating surface alloys and surface structures
Figure 2.5: (a) Shows a close-up photograph of a W filament, wrapped with Pt wire that has
partially melted (see the bead of Pt to the left hand side of the filaments apex). The
Sn doser was of similar construction, but used a Ta filament instead (see text). The Ta
shroud (and corresponding support rod) was removed to enable a clear photograph
to be taken. (b) Depicts a schematic side view of the metal doser, the filament (dark
grey) is spot welded to the two feed-through posts with the metal “bead” near the
apex (shaded in light grey). The Ta shield is shown as an outline, without its support
rod, for clarity.
Sn forms substitutional surface alloys on a range of substrates [67], however, here
only those formed on Pt and Ni(111) substrates are considered. In order to dose Sn onto
a substrate crystal a suitable metal doser must be constructed. A “U” shaped Ta wire (∅
= 0.25 mm, 99.9+%, supplied by MaTecK) filament was spot welded to two Ta feed-
through posts, the apex of the filament was then wrapped with high purity Sn wire (∅
= 0.25 mm, 99.99+%, supplied by Goodfellow), as in figure 2.5a . The entire filament
array was enshrouded by a cylindrical Ta shield, to prevent inadvertent exposure of Sn
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to the rest of the UHV chamber, figure 2.5b. The filament was resistively heated via
application of a DC current which was increased until the Sn melted, forming a “bead” of
Sn near to the apex of the filament. After the Sn bead was created the current applied
to the filament was slightly reduced. The temperature of the Sn bead and filament was
determined visually, where the dosing temperature was approximately 773 K to 823 K
(dull red to dull red-orange). Typical dosing conditions were of the order of two to six
minutes, with a filament current of 2.16 A, the substrate being subsequently annealed to
order the alloy. The amount of Sn dosed was determined via LEED, dosing approximately
three layers of Sn onto a cold substrate lead to attenuation of the LEED pattern, with the
underlying metal spots becoming obscured and a high background.
Different amounts of Sn are required depending upon the desired surface alloy, in
order to create a (
√
3×√3)R30◦ alloy on Pt(111) requires ≥ 1 ML of Sn to be dosed [74]
and subsequently annealed to 773 K for one minute, with excess Sn dissolving into the
bulk or desorbing, leaving 0.33 ML of Sn on the surface. If less than 1 ML of Sn is dosed
then a mix of (
√
3×√3)R30◦ and (2× 2) surface alloys are observed upon annealing. In
order to form a good (2 × 2) alloy alone requires an accurate 0.25 ML dose of Sn. Any
less than 0.25 ML will result in patches of (2 × 2) alloy, interspersed with areas of bare
Pt. On the Ni(111) substrate a Sn dose of 1 ML when annealed to approx. 1000 K [101],
similarly produces a 0.33 ML (
√
3×√3)R30◦ surface alloy, as seen for Pt(111). However,
a 0.25 ML coverage of Sn does not lead to creation of a (2 × 2) alloy, instead a c(4 × 2)
surface structure, where Sn remains as adatoms on the surface, is produced. This surface
structure is attained when Sn is dosed upon the crystal at room temperature and is not
stable upon annealing. A c(2 × 2) surface alloy is only observed at coverages in excess of
1 ML (approx. 2.6 ML) when flashed to 700 K, unlike on Pt(111) [101].
Pt alloys are also of interest as the bulk alloys, such as Pt3Ni, are typically Pt terminated
[70]. In order to create a thin layer of Pt on a Ni(111) substrate, a so called Pt skin alloy, a
filament doser was used, similar to that described previously for Sn, figure 2.5. Due to the
higher melting point of Pt compared to Sn (2045 K and 505 K respectively), W (∅ = 0.38
mm, 99.95%, supplied by Goodfellow) was used to make the filament. This relatively thick
W filament was spot welded to two feed-through posts and tightly wrapped with 16 cm of
∅ = 0.1 mm, 99.99% Pt wire (supplied by MaTecK), and the whole assembly covered by
a Ta shield, figure 2.5. As described for the Sn doser, the filament was resistively heated
by a DC current, until the Pt melted, forming a Pt bead on the filament. The current
subsequently applied in order to dose Pt was marginally lower than that used to create
the Pt “bead”. Again, the temperature of the filament was judged visually, in the yellow-
white region of the spectrum, of the order of 2000 to 3000 K. The amount of Pt dosed
onto the Ni(111) crystal was assessed via LEED, with typical preparation conditions being
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a five minutes dose, applying 10 A to the filament, followed by a one minute anneal of
the sample to 473 - 573 K. The anneal temperature was chosen to achieve an adequate Pt
layer, without promoting significant dissolution of Pt into the Ni substrate. [102, 103]
2.5 Low Energy Electron Diffraction (LEED)
Figure 2.6: A schematic diagram of a multichannel plate (MCP) OCI LEED optics.
The properties of electrons can be exploited in order to probe the order and symme-
try of a crystal surface. The strength with which electrons interact with matter ensures
they only have a short mean free path, rendering them surface sensitive as they do not
probe past the first few layers of the crystal. Secondly, as a result of wave-particle duality,
electrons can undergo diffraction according to the de Broglie equation, equation 2.2.
λ = h/ρ (2.2)
where λ is the wavelength of the incident electron, h is the Planck constant and ρ is the
momentum of the electron. Low energy electrons (around 150 eV) as used in LEED have
wavelengths of the order of 1 A˚, meaning that they interfere constructively from a surface
structure with a spacing in the order of a few Angstroms.
The LEED optics, figure 2.6, work by focussing electrons emitted from a cathode, using
a series of electrostatic lenses, onto the surface of the sample. The majority of the back
25
2. Experimental
scattered electrons have been inelastically scattered, these contain no diffraction informa-
tion and are separated from the elastically scattered electrons by means of a retarding
potential. The elastically scattered electrons have sufficient energy to pass through the re-
tarding field, impinging upon the multichannel plate (MCP). The MCPs amplify the signal,
by creating a cascade of electrons within each channel, which strike the spherical fluores-
cent phosphor screen, creating a diffraction pattern. This pattern is either simply observed
visually or recorded photographically. Despite the low energy of the electrons used, water
layers are very susceptible to electron damage, which can either disrupt the periodicity of
the overlayer[58], or cause dissociation of the water molecules [104]. For the majority of
the work reported here the MCP LEED optics were used, meaning that the electron dose
could be kept extremely low, so water structures could be studied for a longer period of
time without significant degradation.
LEED patterns are a map of the interference pattern of electrons that have scattered
elastically after striking the crystal at normal incidence. The bright spots on the fluorescent
screen are due to the coherent interference of the elastically scattered electrons. This can
be represented schematically, figure 2.7. The incident beam of electrons is normal to the
surface, constructive interference is observed between beams at an angle θ, where the
path difference, d, is an integer number of wavelengths, n≥1 [100]. This only occurs
when the following conditions are satisfied:
d = a sin θ = nλ (2.3)
When a sin θ = nλ the electron beams interfere completely constructively, creating a
bright spot on the phosphor screen, this is termed Bragg diffraction [100]. When a sin θ 6=
nλ, the intensity drops away sharply towards complete destructive interference, d = (n
+ 0.5)λ, leaving the rest of screen unilluminated. This results in a diffraction pattern
that possesses symmetry reflecting that of the surface structure, is centrally symmetric and
shows an inverse relationship to the size of the surface unit cell in real space[5]. Structural
properties and characteristics of a surface may also be investigated by analysing the spot
profiles and intensity of the LEED spots as a function of the incident energy, this technique
is called LEED-IV.
Extracting the structural data from the LEED-IV curves collected is not trivial as the
strong interaction between electrons and matter results in the incident LEED electrons un-
dergoing multiple elastic scattering. This complex, multiple scattering process makes di-
rectly inverting the experimental data impossible, unlike in X-ray scattering studies [105],
section 2.8. Feasible models of the surface structure must be produced, and the theoretical
scattered intensity as a function of voltage from these structures quantitatively compared
to the experimental data. The structural determination of surfaces using LEED-IV essen-
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Figure 2.7: Schematic representation of the backscattered electrons (black arrows) from a one
dimensional array of atoms (blue circles), with a regular lattice spacing, a, (blue
arrow). The wavelength of incoming electrons is represented by the green lines, and
the path difference, d, between the scattered waves is indicated in red. Adapted from
reference [5].
tially becomes a search problem, presenting two major issues; how to perform an effective
yet relatively time and computationally inexpensive structural search and how to quantify
the fit between the theoretical and experimental I-V curves. The tensor LEED approxima-
tion seeks to address the first issue, it does so by creating an arbitrary reference structure,
moving the atoms with respect to the reference positions in order to generate a trial struc-
ture. The intensity of the diffracted electron beams arising from the trial structure can be
obtained with respect to the reference structure, without the necessity of a full dynamical
LEED calculation. This allows diffraction intensities from a trial structure, similar to a ref-
erence structure, to be efficiently and rapidly evaluated [105]. The second issue, of how
to quantitively compare the fit of trial structures to experimental I-V curves is addressed
by using the Pendry reliability factor (R factor) [106]. The R factor in essence provides a
measure of the degree of agreement between the experimental and theoretical I-V curves.
A perfect fit is impossible as a result of experimental errors and approximations made
in generating the theoretical model. Seeking to systematically minimise the R factor can
be used as a route to try and improve the theoretically generated model until the fit to
the experimental data is deemed adequate. An improved fit can be achieved by varying
the structural and non-structural parameters involved in the theoretical model, ultimately
resulting in a surface structure that provides a representation of the experimental data.
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2.6 Helium atom scattering (HAS)
Neutral He atoms can be used in a diffraction experiment to investigate the structure of a
surface. Their low mass ensures they diffract readily and transfer energy inefficiently to
the surface atoms, akin to a LEED experiment in which we study the elastically scattered,
coherently interacting (Bragg diffracted) beams. Unlike the electrons used in LEED, which
penetrate several layers into the surface and cause radiation damage[107], He atoms are
exclusively sensitive to the outermost layer and are entirely non-destructive, turning away
from the surface around 3 - 4 A˚ from the outermost atoms where the electron density is low
(of the order of 10−4 eA˚−3)[6]. As they are neutral particles they are insensitive to space
and surface charging and thus can be used to study insulators and semiconductors as well
as metals. The non-invasiveness and chemical inertness of HAS makes it a complimentary
technique to LEED, and especially relevant to our investigation of the structure of water
layers, which are prone to damage leading to restructuring.
Figure 2.8: Showing a typical fixed total scattering angle HAS set up, with the He source passing
through a skimmer, resulting in a beam with a narrow range of velocities, due to
supersonic expansion. The sample is rotated about θ (changing the incident angle of
the He beam to the surface) in order to change the momentum exchange parallel to
the surface. Reproduced from reference [6].
Figure 2.1 shows the overall chamber schematic, including the He beam and detector
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sections, whereas figure 2.8 shows a representational view of a HAS experiment in greater
detail ‡. The momentum transfer parallel to the surface, ~∆K, is varied in an in-plane ex-
periment (the incident and final He atom momenta and the surface normal lie in the same
plane) by changing the angle of incidence of the He atoms on the surface, θi, according to
equation 2.4.
∆K = Kfsin(θSD − θi)−Kisinθi (2.4)
Where ~ Kf and ~ Ki are the final and incident momenta of the helium atoms, θSD is
a fixed total scattering angle. Typically (and for convenience) the ~ is normally removed
and the parallel momentum transfer is referred to as simply ∆K [6]. A clean, flat (111)
metal surface has a helium surface interaction potential with very low corrugation, acting
as an almost perfect mirror, reflecting the majority of the He beam elastically, leading to
an intense specular peak and low intensity diffraction peaks relative to this. As soon as
an adsorbate or defect is present the corrugation of the helium potential surface changes
dramatically, leading to a reduction in the specular intensity due to the scattering of He
atoms out of the specular direction. A typical scattering cross-section for He atoms is
100 - 120 A˚, depending upon the incident energy of the He atoms [6], this makes HAS
a very stringent test of surface cleanliness. This remarkably large scattering cross-section
(four to six times the geometrical size of the adsorbate) arises due to long range attractive
interactions between the incident He atom and adatoms, causing the He atoms to be
scattered out of the coherent beams[108]. The size of the scattering cross-section allows
the extraction of, amongst other things, information about the lateral arrangement of the
adsorbate molecules[108], which is the focus of the experiments detailed in this thesis,
see chapter 3.
The specific HAS apparatus used consists of seven independently pumped sections see
chamber one, figure 2.1. High purity helium (99.996% pure, supplied by BOC) is supplied
to the nozzle at a stable pressure of up to 10 bar, passing first through a nitrogen cooled
coil to remove any condensable impurities. The nozzle assembly is enclosed within a
liquid nitrogen Dewar, which, coupled with DC resistive heating of the tip gives a working
temperature range of approximately 110 K to 380 K. The nozzle temperature is stable
to within ± 0.1 K as measured by a K-type thermocouple spot welded to the tip, and
corresponds to beam energies of 26-80 meV, as confirmed by time-of-flight measurements
using a retractable chopper[3], figure 2.1. The He beam is incident at the centre of the
crystal mounted on a VG (x,y,z,θ) manipulator, whose axis can also be tilted relative to
the scattering plane, figure 2.2. The sample is mounted at the centre of the azimuthal
‡Note the degree of pumping around the Hiden X-beam QMS used as the He detector, in order to reduce the residual
He background.
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rotation of the manipulator (θ), with the surface perpendicular to the incident beam. The
incident and reflected beam paths are fixed at 90◦ to each other and the crystal is rotated
about θ by a stepper motor under computer control. The reflected beam leaves the main
experimental chamber through a 3 mm aperture, passing through two stages of differential
pumping before entering the detector (Hiden HAL 301 cross beam QMS). The entrance to
the mass spectrometer housing is a 3 mm aperture with the beam exiting through a 4 mm
hole in the time-of-flight configuration. The final aperture can be blocked off to use the
QMS as a stagnation detector, as is the case for all the scattering data presented here. In
stagnation mode the clean Pd(111) surface gives a maximum reflected intensity of around
1.2×106 counts per second (cps) in the specular beam, (with a pressure of He in the main
chamber typically being 1.4 × 10−8 mBar). The HAS measurements presented here were
recorded at a nozzle temperature of 300 K (unless otherwise stated) corresponding to an
energy, incident wavevector and energy resolution of E = 65 meV, ki = 11.1 A˚−1 an ∆E/E
of 7.0% respectively [3]. The scattering azimuth chosen for these experiments was [011¯].
The well defined (
√
3×√3)R30◦ structure of the mixed OH/H2O phase on Pd(111) served
as a good subject for calibration of the HAS system prior to our experiments on the pure
water layer on Pd(111), detailed in chapter 3.
2.7 Workfunction measurement
Figure 2.9: Schematic of the Kelvin probe, used to record the change in workfunction. Au grid
has a diameter of 2.5 mm, when it resonates it vibrates with an amplitude of≈ 1 mm.
The change in the workfunction of a surface as an adsorbed species is desorbed can be
measured using a Kelvin probe. The Kelvin probe works on the basis that if two dissimilar
metal plates are placed in contact or are electrically connected, they become charged with
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opposite polarity. If the plates are moved further apart a drop in capacitance is observed,
but the difference in the potential between the plates is independent of their relative
positions. A potential difference (PD) can be applied equal and opposite to that across the
plates, neutralising the charge. If the capacitance is altered periodically, by oscillating one
of the plates, a PD can be applied to balance the contact PD (CPD) [109].
In the system, figure 2.9, a Au reference electrode is oscillated at 170 Hz (where it au-
tomatically locks at the resonant frequency of the vibrating reed), the signal is monitored
and in automatic mode the CPD between the crystal and the reference electrode is con-
tinuously compensated. This means that any change of the workfunction of the specimen
can be directly measured by recording the CPD output (i.e. if the workfunction changes as
the adsorbed molecules desorb, for example, the PD applied to neutralise the charge has
to change, giving us a direct way to measure the change in workfunction (∆Φ)). The sen-
sitivity of the apparatus used is 6 1 mV at 1 s time constant. In chapter 6 an experiment
measuring the change in workfunction as a water layer desorbs, upon applying a constant
heating rate is reported. The ∆Φ measured can be subsequently used to rationalise theo-
retical models of the water layer, as the number of H-up or H-down water molecules has
a large effect upon the workfunction change calculated, which is discussed in more detail
in section 6.3.4.
2.8 Surface X-ray scattering (SXRS)
As detailed in section 2.5, in order to obtain information about the surface structure a
probe that interacts strongly with matter, such as electrons, has been used due to its in-
herent surface sensitivity. However, there is a drawback, because of this strong interaction
with matter, multiple scattering effects cannot be ignored in the interpretation of the data.
Analysing the data becomes complex and is reduced to something akin to a trial and error
process, which unfortunately renders large unit cells with many degrees of freedom an
intractable problem[110]. Using a probe, such as X-rays, that interact only weakly with
matter solves this problem, as the data can be analysed using the kinematical approach
(single scattering event).
If an isolated 2D monolayer is initially considered (for a surface where the crystallo-
graphic z axis is along the surface normal), diffracted X-ray intensity is observed for all
values of the Miller index l when the values of h and k are integers, resulting in sharp scat-
tering parallel to the surface but diffuse along the surface normal, figure 2.10a. (Note:
when the wide distribution of the X-ray intensity is plotted in k-space, it looks like a rod
that extends perpendicular to the (00l) plane[111]). If the isolated 2D layer is now on
top of a bulk crystal, with the same periodicity, then the diffuse scattering is superimposed
upon the bulk scattering, figure 2.10b, where the spots indicate the bulk Bragg reflections.
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Figure 2.10: Schematic showing the reciprocal space diffraction patterns for (a) an isolated
monolayer, (b) a 2D layer on a bulk crystal and (c) a more realistic representa-
tion of the intensity along the crystal truncation rods (CTRs). Reproduced from
reference [7]
In a real surface there is interference between scattering from the surface and bulk atoms,
resulting in a modulation along the l direction as shown in figure 2.10c. The diffracted
intensity between the Bragg reflections are called the crystal truncation rods (CTRs), as
they arise from the truncation of the crystal lattice at the surface[112].
Surface properties such as relaxation and roughness affect the profile of the CTRs
and can be used to provide information about the surface structure. The (0,0,l) specular
CTR is only dependent upon the surface normal component of the momentum transfer,
and is uniquely sensitive to the atomic planes stacked in the surface normal direction.
Non-specular CTRs contain information about the bulk of the sample, as they have an
additional in-plane component of the momentum transfer for integer values of h and
k. This means that by measuring both the specular and non-specular CTRs at fixed
(h,k) positions information about both the surface coverage, roughness and layer spac-
ing can be accessed[7, 113]. If the surface or overlayer adopts a different symmetry from
the that of the underlying substrate then scattering from that surface becomes separate
from that of the bulk in reciprocal space and the surface scattering can be measured
independently[114]. Data displaying this effect is reported in chapter 6.
The SXRS data presented in this thesis was taken at the ID32 beamline at the Euro-
pean synchrotron radiation facility (ESRF), Grenoble, schematically represented in figure
2.11. Due to the weak interaction between X-rays and matter, highly intense radiation
is required to study samples. Suitable sources of radiation are only available at high en-
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Figure 2.11: (a) Schematic arrangement of the ID32 beamline. (b) Positions of the key compo-
nents on the ID32 beamline. The distances are measured from the centre of the 5 m
straight section. Adapted from reference [8].
ergy facilities such as synchrotrons. The electron storage ring (shown as a purple arc in
figure 2.11a), has a number of bending magnets and insertion devices placed around the
straight sections of the electron path, which each have beamlines associated with them.
The ID32 beamline uses an undulator, which is composed of a series of dipole magnets,
arranged in alternating polarity. This static alternating magnetic field causes the electrons
which pass through to oscillate and radiate energy as X-rays[113]. This white beam of
radiation passes through a monochromator (figure 2.11b), which on ID32 was two LN2
cooled Si(111) crystals, in order to select radiation of the desired wavelength. The X-rays,
aligned with the centre of rotation of the diffractometer, then pass through a series of
focussing optics and attenuators (not shown in figure 2.11b) to the sample. The sample
itself is also mounted at the centre of rotation of a six-circle diffractometer, figure 2.12
and 2.13.
A six-circle diffractometer is employed as it allows a diffraction experiment to be per-
formed whilst maintaining a fixed incident angle with more degrees of freedom allowing
any particular peak in the diffraction pattern to be observed [9]. The purpose built trans-
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Figure 2.12: Photograph of the sample under UHV on the six-circle diffractometer on ID32 at the
ESRF, Grenoble. The TRECXI chamber is in place on the diffractometer, replete
with a Be X-ray cylindrical window in the centre of the diffractometer (a), and a
small portable ion pump (b). (c) Indicates the port on TRECXI that, when opened
allows the electrochemical hanging droplet cell to be inserted. The detector can be
seen on the far left, labelled (d).
Figure 2.13: Schematic, showing the degrees of freedom of a typical six circle diffractometer.
Adapted from reference [9].
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fer electrochemical cell for X-ray diffraction in situ (TRECXI)[115] chamber, figure 2.12,
allows for a sample prepared under UHV conditions to be transported to the diffractome-
ter and studied whilst maintaining the vacuum, by means of portable ion pumps. TRECXI
is equipped with a Be cylinder, allowing X-rays to pass into the chamber. The sample was
aligned with the surface normal along the cylinder axis allowing for an X-ray incident or
exit angle of up to 45◦ [115]. After being studied under UHV conditions TRECXI was
vented with an inert gas (N2 or Ar) and the electrochemical droplet apparatus was intro-
duced, so that both SXRS and cyclic voltammograms could be simultaneously collected.
These experiments are detailed in chapter 6.
2.9 Scanning tunnelling microscopy (STM)
STM is one of the newest surface science techniques, invented in 1982 by Binnig and
Rohrer in IBM laboratory Zurich[116], for which they were awarded the Nobel prize in
1986. STM is based on the simple principle that if an atomically sharp conducting tip is
brought within several A˚ngstroms of a conducting sample (with a small potential differ-
ence between the tip and sample), electrons will tunnel across the vacuum thus establish-
ing a current. In classical physics this is forbidden as it takes energy (the workfunction) to
remove electrons from a surface. However, the quantum mechanical wavefunctions over-
lap when the tip-surface separation is small, allowing electrons to transfer between them.
By altering the potential, electrons can tunnel from the tip to the sample (when the sam-
ple is held at a positive bias) or from the sample to the tip (when the sample is negatively
biased). The magnitude of the tunnelling current is extremely sensitive to the distance
between the tip and sample (It is dependent upon the exponential of the distance, It ∝
e−d). By monitoring changes in the tunnelling current, topographic information about the
surface in real space can be accessed.
Figure 2.14 (a) shows the typical mode of operating the STM, called constant current
mode. At constant current mode the tunnelling current is set by the user, the height of
the tip, z, is then adjusted as the tip moves across the surface, in x or y, to maintain the
current set. The tip is moved by piezoelectric crystals, their expansion/contraction can be
very accurately controlled with typical expansion/contraction values of approximately 1 A˚
per mV[117]. The change in z is monitored, figure 2.14 (b), from which a contour plot of
the surface may be created. The resolution of the STM data collected is dependent upon
the apex of the tip (an ideal tip would be terminated by a single atom), external vibration,
electronic noise and the electronic structure of the sample.
The STM data reported in this thesis, chapter 4, was performed using the chamber
shown in figure 2.15. The Specs STM chamber is differentially pumped to UHV using a
turbo-molecular pump backed by a rotary pump, and an ion pump. A TSP is fired every
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Figure 2.14: (a) Showing schematically how the STM tip is rastered across the surface in con-
stant current mode, the coloured strip across the top showing how the data is dis-
played on the computer screen. In order to keep the current at a constant value
the tip height, z, must be altered as it approaches surface features, as shown. (b)
Schematically depicts the whole STM setup, the computer controlled motion of the
STM across the surface and the computer visualisation of the data. Figure adapted
from reference[10].
8 hours after UHV is achieved and more frequently shortly after baking the chamber.
The TSP and ion pumps are ideal for use with STM chambers due to their vibration free
function. A base pressure of 2 x 10−10 mbar was typical during the experiments. The
STM used in this study was a Specs GmbH Aarhus STM150, mounted on a massive metal
block which is in turn mounted on a cradle. The sample could be cooled down to a
temperature of approximately 100 K by cooling the metal block with liquid nitrogen. The
STM can be effectively isolated from low frequencies vibrations (in the 1-3 Hz region) by
suspending the metal block from springs, removing unwanted mechanical vibrations. The
crystal sample is attached to a Mo or Ta sample plate via spot welded strips of Ta foil. This
allows the crystal to be moved from the sputter position, to the dosing port, to the LEED
optics and to the STM block itself. The major disadvantage with this method of mounting
a sample is the inaccuracy in measuring the temperature, as a thermocouple cannot be
directly attached to the crystal. When imaging water structures the typical conditions
used were It = -0.30 to -0.50 nA and Vt = 190 to 196 mV.
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Figure 2.15: A schematic view of the UHV chamber used to perform STM scans on water struc-
tures on a cold Ni(110) crystal. Figure reproduced from reference[10].
2.10 Theoretical techniques: Density functional theory (DFT)
In this thesis DFT is used to model feasible water structures, consistent with experimental
data in order to provide a deeper insight into the forces that determine the structure a
water layer adopts. It is important to have an understanding of the background and as-
sumptions DFT uses in order to appreciate both its strengths and short comings. DFT arose
as a method to allow complex, many electron systems to be modelled without the need
to explicitly solve the exact Schro¨dinger equation. Solving the exact Schro¨dinger equa-
tion with current computational power would severely limit the size of systems it would
be possible to calculate. A reasonable calculation would be able to consider no more
than 100 electrons, as metal substrates contain many electrons, the simulations would be
restricted to calculations of typically three atoms which would not provide an accurate
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representation of the metal surface. In order to avoid solving the exact Schro¨dinger equa-
tion alternative methods have been derived in which certain assumptions are made. The
first assumption is the Born-Oppenheimer approximation, which states that the electrons
depend only on the position of the nucleus, rather than on both the position and momen-
tum of the nucleus. The resulting equation includes a term due to the electron-electron
interactions which gives rise to computational difficulties. DFT provides one approach to
dealing with this term by moving away from the many electron approach[67].
DFT instead focuses on solving the electron density rather than considering individual
electrons. Using the Hohenberg-Kohn theorem the many interacting electrons can be de-
scribed by a system of non-interacting electrons within an effective potential. This lead
on to the Kohn-Sham (KS) equations, which contain the effective potential (due to the
nucleus-electron interaction and the electron-electron Coulomb interaction), with the rest
of the potential contained within the exchange correlation potential. If the exact exchange
correlation potential was known then the electron density could be solved exactly. DFT
employs various functionals to provide approximations of the exchange correlation poten-
tial. The two main exchange correlation functionals used are the local density approxima-
tion (LDA) and the generalized gradient approximation (GGA). LDA assumes the electron
density behaves as a uniform electron cloud, however this results in making semiconduct-
ing systems appear metallic and over predicts bonding in molecular and solid systems.
GGA seeks to correct this discrepancy in the LDA by including the first derivative to the
electron density, hence including the first order approximation of the gradients of elec-
tron density. PBE and PW91, used in the calculations presented within this thesis, both
implement GGA as the exchange correlation functional of choice [67].
Now that the exchange correlation has been selected the total energy can be solved
iteratively using the following steps;
1. The electron density is given by choosing an initial arbitrary value
2. The initial “guess” is used to obtain the effective potential, which is used to solve the
KS orbitals
3. The KS orbitals are then used to solve the new electron density
4. Steps 1 to 3 are repeated until a certain tolerance is reached and the solutions are
self-consistent.
In this thesis the package that has been used which implements this iterative approach
is the Vienna ab-initio software package (VASP). This package is a total energy molecular
dynamic simulation which uses pseudo-potentials and planewaves for periodic boundary
conditions. Pseudo-potentials and periodic boundary conditions are applied in order to
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dramatically reduce the computational time, by reducing the number of electrons con-
sidered in the system under investigation. This is implemented by removing the core
electrons, often not involved in bonding interactions, by replacing them with a pseudo-
potential which provides an effective potential (mimicking the shielding of the nuclear
charge the core electrons provide) in place of the core electrons. The periodic boundary
condition is implemented using Bloch’s theorem, truncating the planewave basis set by
setting a cutoff energy. The cutoff energy used for a given precision is element specific
and must be determined for the system of interest[67].
Although DFT has been shown to provide predictions and successfully describe many
systems its limitations must not be overlooked. Present DFT inadequately describes dis-
persion forces (unless specific van der Waal corrections are applied), charge transfer, ex-
tended conjugation and in some cases bond cleavage. Thus care must be taken when con-
sidering systems where any of the factors listed above are present. However, DFT has been
used successfully to model H-bonded water structures on a range of metal substrates[67].
An example that highlights the significance of DFT in this field is the water-Ru(0001) sys-
tem. Feibelman conducted a DFT study into the structure of the water layer, which had
been observed to have a (
√
3 × √3)R30◦ structure[54]. The long held view was that the
(
√
3×√3)R30◦ water structure, which was observed on a number of metal surfaces, was
indicative of a bilayer structure, where water binds in a honeycomb, H-bonded structure
formed from buckled, six membered rings[42]. However, Feibelman’s calculations found
this bilayer type structure did not appear to be energetically favourable, instead finding
that a partially dissociated overlayer consisting of flat lying OH and water to be more
stable[54]. These findings prompted reassessment and reinvestigation of the water layer
on the Ru(0001) surface. The experimental LEED-IV findings of Menzel and Held[53]
identified the presence of planar oxygen atoms, which are necessarily inconsistent with
the regular alternation in the water bonding height above the surface in the bilayer model.
Recent LEED and HAS investigation by Gallagher et al.[3] into the structure of the intact
water layer concluded that water forms chains of flat and H-down molecules as opposed
to the usually assumed ice bilayer. They came to this conclusion through analysing the
sharp (
√
3 × √3)R30◦ LEED pattern in conjunction with the diffuse He scattering peaks.
The LEED data identified the lateral order in the water layers adsorption site, hence the
sharp pattern, but the disorder in the waters orientation was observed in the diffusivity of
the HAS peaks. DFT was used to identify the exact nature of the molecular structure of
the water layer using the experimental evidence found, resulting in the chain structures
shown in figure 2.16.
Regardless of the discrepancy between Feibelman’s original DFT calculation and the
experimental findings of Held[53], Gallagher[3] and Haq[14], Feibelman’s questioning of
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Figure 2.16: Schematic of a complete hexagonal water layer, calculated in a (2
√
3× 2√3)R30◦
unit cell. Oxygen atoms lying closest to the surface are shaded dark. (a) Shows
the chain structure with water adsorbed “flat” (RO−Ru = 2.36 Å and RO−Ru = 3.39
Å) in extended chains with a (
√
3 × 2√3) periodicity. The flat water molecules
have one H directed in plane (along the chain) and one tilted upwards, towards the
neighbouring H-down chain. (b) Shows a related structure containing short chains
of flat water. Adapted from reference [1].
the previously widely accepted model for the structure of water layers on metal surfaces
lead to a reinvigoration of research and interest in these systems. Recent research into
the adsorption of water on Cu(110)[11] and on Pt(111)[12] surfaces has led to the in-
triguing possibility that not only is the bilayer model for the water structure inadequate
but that water may not even exclusively bind in six membered rings, see figures 2.17 and
2.18. On Cu(110) water was found to favour a structure comprised of pentagonal rings.
This unusual structure arises due to the short lattice spacing of the Cu substrate, calcu-
lations show that the formation of six membered rings would be highly strained, hence
the preference for forming pentagons of water, figure 2.17. On Pt(111) the water layer
is thought to be comprised of a mixture of five, six and seven membered rings, as water
forms large unit cell structures that seek a compromise between optimising bonding to the
metal substrate and achieving a good hydrogen bonding network. Nie et al.’s[12] model
suggests that in order to achieve this and minimise strain within the layer five and seven
membered ring “defects” are introduced into the largely six membered ring network.
Carrasco et al.[11] went further in their study of water on Cu(110) and used DFT
not only to elucidate the structure they had observed but also to predict if the same type
of 1D pentamer chain structure would be favoured on other metal surfaces, figure 2.19.
Carrasco’s predictions are based upon the relationship between the lattice parameter of
each substrate and the energetic favourability (Eads) of forming pentagonal water rings
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Figure 2.17: (a) DFT optimised model of a 1D pentamer chain of water molecules on Cu(110).
(b) shows the side view of the model. The grey spheres represent the Cu atoms, red
represents O atoms and smaller white spheres represent H atoms. The highest H
atoms, which correspond to the brightest feature in the simulated STM images, are
highlighted in yellow. (c) The equilibrium geometry structure and simulated STM
image, with the locations of the water molecules in one surface unit are shown. All
distances are in Å. Figure adapted from reference [11].
in preference to hexagonal structures. Their predictions suggest that the smaller the lat-
tice parameter of the substrate, the higher the energetic penalty to forming six membered
water rings, as the inherent strain within the rings is highly unfavourable. All of the re-
search presented in this section could not have been achieved without DFT calculations
being used in conjunction with experimental evidence. However, DFT calculations need
to be utilised in combination with experimental findings, as indicated earlier in section
2.7, identifying the probable structure from the model with the lowest calculated binding
energy (Ea) alone is not always straight forward. Instead of considering DFT in isola-
tion, the change in workfunction, for example, can be both calculated and experimentally
measured, then used to discriminate between models with similar calculated Ea values.
The change in workfunction is not the only useful experimental parameter able to aid the
identification and elimination of likely and unlikely structural models respectively, molec-
ular vibrations can also be simulated and compared to experimental RAIRS findings, as
can simulated STM images, shown in figure 2.17. A further consideration to bear in mind
is the validity of using energy minimising calculations to interrogate kinetic, not thermo-
dynamic, structures on surfaces, such as water rosettes observed on Pd(111) by Cerda et
al.[15] or structures with an inherent degree of disorder [3, 17]. This small selection of
studies serves to highlight the usefulness of DFT in providing an insight into the water
structure at the molecular level as well as how vital it is to consider the calculated models
in the light of experimental data.
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Figure 2.18: (a) DFT optimised structure for the “575757” di-interstitial defect in an otherwise
hexagonal water lattice on Pt(111). (b) Shows the model for the
√
37 phase of
water on Pt(111) incorporating this defect, with the atomic positions relaxed using
DFT. Grey spheres represent the Pt atoms, small blue spheres are H atoms whilst
shades ranging from light yellow to dark brown indicate the relative heights of the
oxygen atoms (the darker the shade the closer to the surface they are). Adapted
from reference [12].
Figure 2.19: Graph showing the calculated adsorption energy difference between hexagon and
pentagon based 1D chains as a function of the metal substrate. Negative values
denote a preference for pentagonal chains. The differences in the gas-phase water-
water interaction within each overlayer structure are also reported. Adapted from
reference [11].
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Chapter 3
Water on Pd(111)
3.1 Introduction
Water adsorption on transition metal surfaces is stabilised through a combination of water-
metal interactions and water-water hydrogen bonds [42]. As a result of this similarity in
bond strength, the structure of these interfaces is determined by the balance between
optimising the intermolecular water interactions and the degree of water-metal bonding.
Experimental studies of the low temperature adsorption behaviour of water at metal single
crystal surfaces can provide a detailed test of the different models for water structures, and
also of our ability to calculate and predict these H bonding structures from first principles
[118]. Establishing the reliability of such model calculations is particularly important for
attempts to model bulk solid-water interfaces, since experimental probes give only limited
information about water at buried interfaces and developing realistic models requires a
detailed understanding of the adsorption behaviour at different surfaces.
For metal surfaces, experiments have established that the more inert surfaces, such as
the close-packed faces of filled d band metals (Cu, Au), do not wet, instead water forms
3D multilayer ice clusters and leaves the metal surface exposed [118–120]. On more
chemically active transition metals [121, 122], such as Pt [51, 57], Pd [15, 61, 123, 124],
Ru [3, 125–131] and Ni [132], or on open faces such as Cu(110) [11, 64, 133, 134], water
forms a stable first layer that has a slightly greater binding energy than in multilayer water
clusters [1]. Although it was originally believed that first layer water simply adopted a
bulk ice, Ih (0001) bilayer structure [42, 55], recent studies show that water optimises
both its hydrogen bonding network and the water-metal interaction in order to stabilise
adsorption [1]. The resulting structures are highly surface specific and have a profound
effect on the physical behaviour of the interface. In particular, the structure of the first
layer determines both its ability to hydrogen bond to a second water layer and the energy
cost of restructuring the first layer water to optimise bonding to a multilayer water film.
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Together these factors determine if the surface will wet to form a continuous uniform ice
film, or alternatively will form 3D multilayer ice clusters on top of a tightly bound water
monolayer [56, 130, 132, 135–137]. Since the first layer of water plays such a key role in
the description of the metal-water interface, there is great interest in understanding the
H-bonding structures formed and how these depend on the properties of the particular
surface [1].
Commensurate water layers were originally reported on many close packed transi-
tion metal surfaces [42] and were believed to allow water to bind in a buckled, bilayer
structure, with alternate O atoms in their favoured water adsorption site, atop the metal.
However, a simple commensurate structure requires the lateral water-water separation to
match the spacing of the metal surface, demanding a lateral expansion or compression
of the water layer compared to bulk ice. New experiments suggest that the classic “ice-
like” bilayer, with a regular alternation in water adsorption geometry (Figure 3.1a), is
only formed when water is adsorbed on a suitable template, such as the corrugated
√
3
Sn/Pt(111) surface alloy which locks water into a (
√
3×√3)R30◦ commensurate structure
[13]. The lateral strain created in this commensurate water network is offset by the stabil-
isation gained by adopting the favourable water binding site flat atop the Sn, see chapter 6
for more details. Reports of simple commensurate structures on other surfaces were often
caused by electron damage or OH coadsorption, for example on Pt(111) [50] and Cu(110)
[64], whereas in the absence of hydroxyl pure water forms complex structures with large
unit cells, e.g. on Pt(111) [12, 51, 57–59], Ni(111) [132] and Cu(110) [64]. The complex
(
√
37×√37)R25.3◦/(√39×√39)R16◦, (2√7×2√7)R19◦ and (7× 8) water LEED patterns
found on Pt(111), Ni(111) and Cu(110) respectively, indicate a water structure distinct
from a simple ice bilayer is present. Despite the range of LEED patterns, the structures
adopted by water on these surfaces are related. Put simply, water sacrifices its favoured
(typically atop) bonding site, in order to optimise its H-bonding network on these surfaces.
As the water layer lacks close registry to the substrate it is able to adapt its lateral density,
simultaneously minimising the degree of strain, whilst optimising both the H-bonding net-
work and the water-metal interactions. These complex structures are difficult to analyse
experimentally, but it is known that water in the
√
39 layers formed on Pt(111) is adsorbed
with the majority of the uncoordinated H atoms pointing down towards the metal surface
[138]. Simulation of the STM images suggest that these structures form local regions of
a commensurate flat hexagonal water network that is linked into a rotated H down water
network by five and seven member rings [12]. This assignment is supported by vibrational
spectroscopy [139], but, because of the large number of water molecules involved in these
unit cells, their structures are difficult to define exactly by experiment.
Two close packed surfaces on which there is evidence for formation of commensurate
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Figure 3.1: Calculated structures for different types of commensurate ice structures, shown with
water bonded flat to the surface with O shaded orange and O not bonded to the
metal shaded red. (a) the H down ice bilayer formed by adsorption on the Pt(111)-
(
√
3 × √3)R30◦ Sn alloy template [13], (b) chains of flat and H down water in
a commensurate hexagonal network, (c) flat water hexamer on Ru(0001) [14], (d)
rosette formed on Pd(111) [15, 16]. Adapted from reference [17].
water structures are Ru(0001) [2, 53] and Pd(111) [15, 123, 124]. The water-Ru(0001)
system has received much attention, but is complicated by partial dissociation, although
water does adsorb intact below ca. 150 K [129, 131]. Initially water forms small clusters
of a hexagonal (
√
3×√3)R30◦ network [14], allowing the majority of the water molecules
to bind flat, atop the metal, Figure 3.1c. This arrangement optimises the overlap between
the 1b1 HOMO of water and the metal dz orbital, at the expense of a reduced average
hydrogen bonding coordination. This is in contrast to the pseudo-incommensurate water
layers formed on Ni(111) and Pt(111), as on Ru(0001) the water layer favours maintain-
ing its atop binding site. Only as the coverage is increased does the water form extended√
3 hydrogen bonding networks, sacrificing some of the O-metal bonding as half of the
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water in the extended network loses contact with the metal surface in order to complete
the 2D hydrogen bonding network. Helium atom scattering (HAS) shows that, despite
the long range order of the O atom location dictated by the hexagonal hydrogen bonding
network, the water layer does not adopt a simple
√
3 periodicity [3]. The broad
√
3 HAS
peaks observed, despite the sharp (
√
3×√3)R30◦ LEED pattern, indicates a level of disor-
der within the water layer inconsistent with a simple
√
3 structure [3]. These findings are
consistent with a water layer which has a well defined, periodic adsorption site, within
an intrinsically disordered hydrogen bonding network. Hence, instead of a conventional
ice bilayer, it appears that water optimises the O-metal interaction by forming disordered
chains or rings of water oriented flat and H-down, within the overall water hydrogen
bonding network (Figure 3.1b). On Pd(111), STM studies [15, 16] show that water forms
small “rosettes” (Figure 3.1d) and extended “lace” structures at low temperature (100 K),
consisting of a hexagonal network of water containing regular defects. DFT simulations
indicate that these structures contain water bonded flat at the atop site, forming flat hex-
amer rings interlinked by flat and H-down oriented water molecules. These structures
are metastable, with water aggregating into more compact structures as the surface is
annealed to higher temperature [15], and it was concluded that formation of these flat
networks was a kinetic, rather than a thermodynamic effect.
From these previous studies (detailed above) it appears that the structure favoured by
the water layer falls into two main categories: (1) The hydrogen bonding network and
density of the water layer is optimised but the strict registry with the substrate is lost, or
(2) the favoured atop bonding site is retained, maximising the metal-water interaction
but constraining the hydrogen bonding geometry. The structure adopted appears to be
strongly substrate specific, dependent upon the strength of the water-metal versus the
water-water bond. The bonding motif favoured may also have some dependence on the
lattice parameter of the metal substrate. Ni(111) is an example of this, where the short
lattice parameter has a pronounced effect upon the ability of the water layer to achieve its
optimum density [132]. The water structure on Pd(111) appears to fall into the second
category, remaining commensurate and deviating from the behaviour of Pt(111) (a metal
to which Pd(111) is often compared).
In this study we examine the adsorption of water on Pd(111) using LEED and HAS
measurements to compare with adsorption on Pt(111) and Ru(0001). We find that at low
coverage water forms commensurate hexagonal structures that remain disordered on a
larger scale as the coverage is increased. As the surface saturates and large islands form,
the water layer forms a ca. (7 × 7) superstructure. We associate this structure with the
ordering of anti-phase (
√
3×√3)R30◦ domains into an extended H bonded superstructure.
Despite the ordered LEED pattern, HAS indicates that the complete layer is disordered on
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a local scale. Based on workfunction measurements and DFT calculations we propose
that the water layer consists of small, flat, commensurate (
√
3×√3)R30◦ water domains,
separated by disordered domain boundaries containing water that is mostly adsorbed H-
down. Water in these structures is adsorbed primarily flat, parallel to the surface, or H-
down. The domain structure allows water to adsorb in the favoured atop adsorption site
whilst relieving the lateral strain associated with formation of an extended commensurate
network and we compare this behaviour with the highly ordered, large unit cell structures
formed on surfaces such as Pt(111).
3.2 Experimental details
The sample was prepared, mounted and cleaned as described in chapter 2. The chamber
had a base pressure below 5 × 10−11 mBar. Water films were grown using the effusive
molecular beam, with a typical flux of 0.006 layers s−1. The water coverage was cal-
ibrated relative to saturation of the first layer of water on the surface, θsat, using TPD
measurements to provide an accurate endpoint for completion of the first layer. The rel-
ative coverage of water was then calculated from the desorption integral, with one layer
corresponding to the coverage just before the appearance of a multilayer desorption peak
in the TPD spectra, figure 3.3. Crystalline ice (CI) was grown at 140 K where water is suf-
ficiently mobile to diffuse to its preferred adsorption sites, forming ordered 2D structures.
The workfunction change associated with adsorption of the water layer was measured by
A. Omer, using a Kelvin probe to determine ∆Φ as the water layer was desorbed from the
surface.
HAS measurements were recorded at a fixed 90◦ total scattering angle by rotating the
crystal [3]. Unless otherwise stated the measurements reported here were recorded for
scattering along the [011¯] scattering azimuth and a nozzle temperature of 300 K, corre-
sponding to an energy, incident wavevector and energy resolution of E = 65 meV, ki =
11.1 A˚−1 and ∆E/E of 7.0% respectively. Previous LEED studies of water films on Pd(111)
have shown significant restructuring after sustained exposure to the electron beam [49],
so the beam current was kept <2 nA at all times and LEED patterns obtained for electron
exposures between 1/20 and 1/100 electron per water showed no evidence of damage. Elec-
tron damage was observed when the exposures were deliberately increased by a factor
of ca. 100, with evidence for desorption of water and, eventually, some dissociation to
form OH, figure 3.2. TPD measurements were always carried out after LEED or HAS to
confirm the exact water coverage and check for dissociation. Experiments were repeated
with H2O and D2O, but no differences were observed between the isotopes for adsorption
on Pd(111).
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Figure 3.2: HAS of 1.25 layers of water dosed at 140 K, onto Pd(111), recorded before (black
line) and after (red line) deliberate LEED damage. Prior to LEED damage the HAS
specular beam is entirely attenuated, after LEED damage a specular peak is clearly
visible. LEED damage was induced by using a higher than usual beam current (0.19
µA) for an extended period of time (upwards of several minutes). Exposing the
water layer to ≈ 5 electrons per molecule, promotes desorption and/or dissociation,
leading to the increased HAS intensity observed. This figure neatly demonstrates the
sensitivity of the water layer to damage and disruption caused by electrons.
DFT calculations were performed by G.R. Darling, using the plane-wave basis set VASP
code [140, 141]. The standard ultra-soft pseudopotentials were used for all atoms and
exchange and correlation were treated with the PW91 generalized gradient approximation
[142]. A 3×3×1 Monkhorst-Pack [143] k-point set was used with a cut-off energy of
396 eV, a vacuum gap of 12 A˚ and dipole corrections were applied perpendicular to the
surface. The accuracy of such calculations has been discussed elsewhere in relation to
absolute binding energies and wetting behaviour [54, 144], but we note that similar DFT
calculations have been shown to correctly reflect the relative stability of different intact
and partially dissociated water structures, including, for example, on Ru(0001) [3, 54,
144] and Cu(110) [11, 22, 145]. For a more detailed discussion on the use of DFT to
model water layers see section 2.10 of the experimental chapter.
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3.3 Results and discussion
Figure 3.3: Water (m/z = 18) TPD peaks from Pd(111) as a function of initial coverage. H2O
adsorption temperature was 140 K and the heating rate used was 0.8 K s−1. Adapted
from reference [17].
Thermal desorption of water from a clean Pd(111) surface occurs in two peaks, shown
in figure 3.3, similar to the previously reported behaviour [60]. The high temperature
peak near 170 K saturates with increasing coverage and is due to water adsorbed in the
first layer on Pd(111). This adsorption state follows pseudo-zero order kinetics, with an
activation barrier to desorption of 0.51±0.04 eV, and is consistent with desorption from
a dilute precursor state in equilibrium with dense 2D water islands. Saturation of the
first layer water desorption peak provides a convenient, reproducible reference point. The
high temperature tail of the monolayer desorption peak is sensitive to the presence of
steps, which stabilise water on the surface [146, 147], while a new peak near 190 K
appears when the mixed OH+H2O phase is formed by electron damage or reaction with
O [49]. When the water dose is increased above one layer, a multilayer peak appears near
150 K and continues to grow indefinitely as the coverage is increased.
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Figure 3.4: LEED images for an intact water film on Pd(111) as a function of coverage showing
the (1/3, 1/3) beams. (i) 0.67 layer, 56 eV, (ii) 0.88 layer, 50 eV, (iii) saturated water
layer, 53 eV, (iv) 1.5 layers, 53 eV. The adsorption temperature used was 140 K
throughout. Adapted from reference [17].
Figure 3.4 shows LEED images of the water films, recorded as a function of coverage
after adsorption at 140 K. At all water coverages, from sub-monolayer up to several tens
of layers of water, the film shows a (
√
3×√3)R30◦ LEED pattern with additional structure.
For a water coverage of less than 1 layer, diffuse (1/3,1/3) diffraction beams are observed,
which become triangular in shape as the coverage is increased, with the points directed
towards the adjacent integer order positions. In addition to the (1/3,1/3) beams, a well
defined ring appears around the integer order beams, figure 3.5, and diffuse intensity can
be seen either side of the (2×2) positions. When the water coverage is increased to the
point where the first layer saturates, or above, the ordering becomes sufficient that the
triangular (1/3,1/3) diffraction beams split into three distinct maxima, leaving the intensity
located at the corners of the original beam and no intensity in the (1/3,1/3) position, figure
3.4(iv). Both the split (1/3,1/3) beams and the ring around the integer order beams persist
without change as several layers of water are deposited. Continued water adsorption
results in slow degredation of the LEED pattern shown in figure 3.4(iv), but both the
integer order metal beams and diffuse triangular (1/3,1/3) adlayer beams remain visible up
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to coverages of ca. 80 layers of water. Since measurements on amorphous solid water films
confirm that the electron beam does not penetrate more than a couple of layers of water,
the observation of sharp integer order diffraction beams indicates the multilayer water
film is inhomogeneous, consisting of 3D water clusters and regions with a single water
layer. This result is consistent with Kimmel et al.[148] who found 3D clusters coexist with
single layer water on Pd(111).
Figure 3.5: LEED pattern with the sample rotated away from the surface normal in order to view
the diffuse rings appearing around the (0,0) beam (centre right), with two metal spots
visible left of screen and the diffuse triangular
√
3 beams centre, top and bottom.
Water coverage 1.5 layers, dosed at 140 K, and recorded at a beam energy of 49 eV.
Adapted from reference [17].
In contrast with water networks such as the
√
39 structure found on Pt(111) [57,
58], the 2
√
7 structure on Ni(111) [132] and the (7×8) structure formed on Cu(110)
[64], which show all of the LEED diffraction beams associated with the large unit cell,
adsorption on Pd(111) is dominated by the (1/3,1/3) beam, with no evidence for any other
sharp diffraction beams associated with a large, ordered unit cell. Electron scattering in
LEED is dominated by the O atoms, and any consequent displacement of the surface Pd
atoms, but is only indirectly sensitive to the H atom positions since scattering from H is
weak. As an incomplete commensurate hexagonal (
√
3 × √3)R30◦ network is observed
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at low temperatures in STM [15], it seems likely that the additional LEED structure is
associated with anti-phase ordering of commensurate (
√
3×√3)R30◦ water domains. For
example, formation of superstructure domain boundaries with a periodicity of ca. (7±1)
times the Pd lattice spacing would explain the observed splitting of the 1/3 order LEED
beams and the size of the ring around the integer order spots. Based on the size of the
beams in the split LEED pattern (e.g. figure 3.4(iv)), we estimate a coherent O domain
size of ca. 80 A˚ or greater at high coverage.
In order to further probe the ordering of the water layer, HAS measurements were
compared for a pure water layer and for the mixed (OH+H2O) structure. Unlike electron
scattering, which is sensitive only to the O and Pd positions, HAS is sensitive to the cor-
rugation of the outermost layer, including any H atoms. The OH/H2O layer consists of a
coplanar, hexagonal (
√
3×√3)R30◦ network of O atoms with one H atom between each O,
forming a hydrogen bonded network with an intense LEED pattern and no additional su-
perstructure [49]. HAS from the OH+H2O structure shows intense high order diffraction
peaks, figure 3.6(a), as expected from a highly corrugated, well-ordered commensurate
phase. Changing Ki between 7 and 12.5 A˚−1 made little difference to the intensity of the
He diffraction peaks. In contrast, pure water layers behave quite differently in He scat-
tering, figure 3.6(b). The intense specular He peak disappears progressively as water is
adsorbed on the surface, with faint, broad scattering maxima appearing near the expected
(1/3,1/3) diffraction positions (±1.7 A˚−1) before the layer saturates. However, both the
broad scattering maxima and the specular peak disappear entirely as the first water layer
is completed, leaving only a uniform background due to high angle scattering. Further wa-
ter adsorption above a monolayer has no effect, but heating the surface to desorb water
immediately recovers the He reflectivity, confirming that a single water layer completely
attenuates the coherent elastic scattering peak and that water desorbs intact to recover
the bare metal surface.
The complete disappearance of coherent elastic He scattering from water on Pd(111)
is a surprise, and is unlike the behaviour seen for HAS from water layers on other metal
surfaces. For example, the
√
37 and
√
39 water layers formed on Pt(111) give sharp He
diffraction patterns [51]. The water layer formed on Ru(0001) shows a sharp
√
3 LEED
pattern, and a sharp specular beam with broad HAS maxima [3, 149]. The observation of
a sharp
√
3 LEED pattern but diffuse HAS peaks is consistent with the O atoms adopting a
well defined lateral
√
3 ordering of the adsorption site, resulting in the LEED pattern, but
disorder in the direction of the flat and H-down water chains within this network disrupt-
ing the corrugation and broadening the HAS peaks (see figure 3.1(b) and discussion in
references [3, 149]). The formation of split
√
3 LEED beams on Pd(111) indicates that, on
this surface too, the O adsorption site maintains a
√
3 ordering, with antiphase domains
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Figure 3.6: Helium atom scattering profiles for (a) a complete (
√
3 × √3)R30◦ layer of the
mixed (OH+H2O) structure, (b) 0.90, 0.97 and 1.03 layers of intact water adsorbed
on Pd(111) at 140 K. The HAS data presented is for scattering along the [011¯] az-
imuth at 100 K and E = 65 meV. Similar results were obtained at other beam energies.
Adapted from reference [17].
creating a splitting of the
√
3 beams. Based on the size of these split beams, the O location
must be ordered over more than ca. 80 A˚ under high coverage conditions. In complete
contrast, the absence of any coherent HAS intensity implies that the He-surface potential,
which is sensitive to the electron density far from the surface, is disordered on a local
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scale. Based on typical cross-sections for He atom scattering from surface adsorbates (of
order 100 A˚2), the absence of any coherent fraction implies that the water layer is intrin-
sically disordered on a length scale of ca. 10 A˚ or less. This behaviour can be reconciled
with the presence of an ordered LEED pattern if the water layer contains regions of an
ordered
√
3 O network, separated by antiphase domain boundaries, with disorder in the
HAS originating from local disorder in the H orientation of some water molecules in the
domain boundaries. The flat, tightly bound water that is adsorbed atop Pd is expected to
have a lower Debye-Waller factor than the H-bonded second layer water, giving rise to a√
3 LEED pattern, even when local disorder in the proton arrangement destroys coherent
HAS [3, 149].
Figure 3.7: Workfunction change (∆Φ) measured for a water film grown on Pd(111) at 140 K
as a function of the water coverage. The dashed line and inset shows the change in
∆Φ from -0.7 eV as the first layer completes until ∆Φ saturates at -1.06 eV for a
thick water multilayer. This experiment was performed by A. Omer. Adapted from
reference [17].
We can obtain some further constraint on the average orientation of the water layer by
measuring the workfunction change, ∆Φ, (experiment performed by A. Omer) as water
is adsorbed on the surface, as shown in figure 3.7. The workfunction decreases linearly
as the first water layer is deposited, with ∆Φ = -0.70 eV for the completed layer. Further
growth to create an ice multilayer causes a progressively smaller change in ∆Φ as 3D ice
clusters form on the surface, the change in workfunction eventually saturating at ∆Φ =
-1.06 eV.
In order to obtain some insight into the general structure of the water layer we carried
out DFT simulations, performed by G. R. Darling, to determine what arrangements might
be consistent with the experimental results, notwithstanding the disorder that is clearly
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Table 3.1: Calculated binding energies Ea and workfunction change ∆Φ (relative to the clean
surface) for different structures on Pd(111).
Structure Ea (eV) Coverage ∆Φ (eV)
(
√
3×√3)R30◦ H-up bilayer 0.50 0.67 -2.9
(
√
3×√3)R30◦ H-down bilayer 0.55 0.67 -0.25
(2
√
3 ×2√3)R30◦ flat/H-down chains 0.61 0.67 -0.7
(7×7) Rosettes, figure 3.1d 0.58
(6× 6) figure 3.8a 0.62 0.67 -0.6
(7×7) figure 3.8b 0.59 0.71 -0.6
(7×7) figure 3.8c 0.59 0.71 -0.8
(
√
52R×√52)R14◦ 0.61 0.81 -0.8
(
√
52R×√52)R14◦, figure 3.8d 0.62 0.73 -0.2
intrinsic to this water layer. On Pd(111) we find calculated adsorption energies for dif-
ferent structures (uncorrected for zero point effects) of up to 0.62 eV/water (Table 3.1),
compared to a measured barrier to desorption of 0.51 eV/water. Initially the water was
forced to adopt a simple commensurate arrangement, with water arranged in a hexagonal
network, without any longer range superstructure such as indicated by LEED. A range of
different possible structures were considered and Table 3.1 shows the calculated binding
energies and workfunction change associated with several of these; the “classic”
√
3 H-up
or H-down bilayers (figure 3.1(a)), which have alternate water molecules bonded to the
surface, and a structure (figure 3.1(b)) based on chains or rings of water molecules ad-
sorbed flat atop Pd within an overall hexagonal hydrogen bonding network completed by
H-down water molecules. The H-up and H-down bilayers have binding energies (0.50 and
0.55 eV) that are significantly less stable than that of the chain structure (0.61 eV). Further
support for the idea of a flat/H-down chain motif comes from the calculated workfunction
change for this structure (∆Φ = -0.68 V) which is very similar to the value (∆Φ = -0.70 V)
found experimentally, whereas the H-up and H-down bilayer structures have very different
∆Φ. Changing the arrangement of the flat and H-down water chains within the overall
network, e.g. to form rings of flat water in the (6 × 6) structure shown in figure 3.8(a),
slightly improves the binding energy, and has minimal effect on the workfunction change,
suggesting that the flat/H-down chain motif forms the basis for the observed water layer.
The increased stability of these structures compared to the H-up/H-down bilayers mimics
the behaviour found on Ru(0001) [14]. Formation of flat chains or rings allows half the
water to bind close to the Pd, improving the interaction between its filled 1b1 orbital and
the metal.
Whereas water on Ru(0001) forms a simple
√
3 structure at 0.67 ML coverage, LEED
shows the layer formed on Pd(111) has an additional superstructure. Cerda et al. [15]
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Figure 3.8: (a) A complete commensurate (6 × 6) water network formed from the rosette struc-
ture shown in Figure 3.1d; (b) and (c) a (7× 7) unit cell with domain boundaries and
a coverage of 0.71 ML; (d) a (
√
52 × √52)R14◦ structure with a coverage of 0.73
ML. The unit cell is overlaid for clarity. The water molecules are colour coded by the
height of O above the surface, the orange O atoms are for water bonded with dO−Pd
<2.7 Å, whereas red O atoms lie further from the surface. Adapted from reference
[17].
showed that growth at lower temperatures forms “lace” or “rosette” structures in which
the majority of the water remains flat, in a double donor-single acceptor arrangement,
bonded directly to the Pd. These arrangements are metastable and disappear at higher
temperatures. DFT calculations did not find the flat structures, with their incomplete hy-
drogen bonding networks, to be any more stable than extended
√
3 bilayers. The rosette
arrangement (figure 3.1(d)) has just one water in each outer hexagon of the rosette in
a double acceptor geometry, completing the hydrogen bonding ring. We find the binding
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energy of the rosette structure (0.58 eV) is slightly larger than that of an extended
√
3
water bilayer, but less than that of the chain structures (figure 3.1 (b)) or a complete (6
× 6) network formed by linking the rosettes (figure 3.8(a)). So, although maximising the
number of flat water molecules in the rosette stabilises the structure, it does not appear
to be sufficient to entirely compensate the reduced number of H-bonds c.f. a 2D network.
Despite these commensurate chain or ring structures being relatively stable, they are not
consistent with the split
√
3 beams seen in LEED.
Based on the workfunction change for the different types of network, and the obser-
vation of a split
√
3 LEED pattern, we also examined possible structures containing flat
anti-phase
√
3 domains, bound tightly to Pd, within H-down water networks that com-
plete some ca. 7× superstructure. As HAS shows that the water layer remains disordered
on a local scale, it is probably unrealistic to look for a unique structure for this water
layer, but we can get an idea of the energetic cost associated with forming anti-phase
√
3
domains from modelling possible structures by DFT. Since the H-down water molecules
are not directly bound to the metal, they are free to relax away from the atop sites [3]
or even form different sized rings, as on Pt(111) [12]. One way to achieve anti-phase√
3 domains is to pack flat water rosette structures, which are observed at low temper-
ature (figure 3.1(d)), into a suitable superstructure and complete the layer largely with
H-down water. Figure 3.8 shows several possible arrangements of water in a (7 × 7)
or a (
√
52 × √52)R14◦ unit cell, either of which would be consistent with the spot split-
ting observed by LEED. Although we investigated several possible arrangements of the
compression domain boundaries, including mixtures of five and six fold rings, we did not
consider the possible formation of Bjerrum defects [145, 150]. The most stable compres-
sion structure found in a
√
52 unit cell (figure 3.8(d)) has a coverage 10% higher than the
commensurate (6 × 6) network of figure 3.8(a) and a similar binding energy. Analysis
of the O-Pd binding distances shows that this
√
52 structure allows the six waters sur-
rounding the central flat hexagon to bond substantially closer to the Pd than in the other
structures. Structures based around H-down pentamer rings (figures 3.8(b)&(c)) did not
appear to be intrinsically any more stable than those based on hexagons. We conclude
that compression structures based round
√
3 domains of flat water are at least as stable as
the best commensurate structure, and pack more water onto the surface. In the absence of
a well defined unit cell, DFT cannot distinguish between the different possible structures
on energetic grounds alone. A simulation of the expected LEED pattern for the (7×7)
and
√
52 structures (figure 3.8(c)&(d)) is shown in figure 3.9, assuming (following the
arguments of reference [3]) that electron scattering is dominated by the water molecules
that are bound flat above the Pd. Either unit cell reproduces the observed splitting of the√
3 beams and the intensity around the integer order spots. In addition the simulations
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also predict intensity near the half order positions, as observed in figure 3.4.
Figure 3.9: Simulation of the LEED patterns expected for (a) the (7 × 7) and (b) the √52 unit
cells of Figure 3.7 (c) and (d). The spot size represent the calculated structure factor
at 20 V, indicating the relative intensity expected for single scattering off the O atoms
bonded directly to Pd. Additional weak LEED spots with an intensity less than 5% of
the (0, 0) beam have been ignored for clarity. The simulations show a ring around the
central (0,0) beam and a splitting of intensity around the (1/3,1/3) positions. Adapted
from reference [17].
The formation of small, tightly bound commensurate domains of flat lying water, sep-
arated by domain boundaries containing H-down water, is in some ways similar to the
arrangement recently proposed for the
√
37 and
√
39 structures formed on Pt(111) [12].
In that case the regions of flat, commensurate hexagonal water appear to be linked to a
rotated hexagonal network of H down water by three 5 and three 7 member rings, giv-
ing regions that image as dark three fold symmetric features in STM [12, 59]. Whereas
the ordered structures formed on Pt(111) have a well defined unit cell and show ordered
LEED [56] and HAS [51], the layer formed on Pd(111) shows split (1/3,1/3) diffraction
beams but no well defined long range superstructure. The complete absence of any co-
herent elastic HAS peak from the water layer, irrespective of the energy of the He atom
beam, indicates this is not an interference effect but originates from disorder in the wa-
ter structure. Evidently the disorder in the O positions implied by the diffuse split LEED
spots, and the resulting proton disorder, is sufficient to completely attenuate specular
He scattering. This behaviour is qualitatively different from the behaviour on Ru(0001),
where good long range order in the O location, but disorder in the water height, results
in a diffuse HAS pattern from the highly corrugated surface [3]. The difference between
these two situations appears to be associated with the formation of small flat networks of
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commensurate water on Pd(111), which partially order into anti-phase domains, whereas
Ru(0001) retains longer range order, consistent with the formation of extended commen-
surate domains of flat or H-down water chains. This difference is likely associated with
the change in lattice parameter and strain in the commensurate layer; the Ru spacing is
4% smaller than on Pd, allowing water to form extended flat commensurate networks. In
the
√
52 structure shown in figure 3.8(d) the twelve central flat water molecules that are
tightly bound to the Pd are contracted laterally by 3% compared to the Pd lattice, creating
a strain in the water layer that hinders formation of an extended commensurate network
and tips the energetic balance towards formation of out of phase domain boundaries.
3.4 Conclusion
Rather than adopting a simple commensurate structure, water adsorbed on Pd(111) forms
a network containing regions of flat water, lying atop Pd in a (
√
3×√3)R30◦ arrangement,
separated by anti-phase domain boundaries with a periodicity of ca. 7±1 units. The do-
main boundaries relieve the strain between commensurate flat water clusters and form
from H bonded rings of water, oriented mostly H down, interacting only weakly with
the surface. Although LEED shows there is order in the O locations, the layer does not
form a precisely defined superstructure and HAS shows the layer remains disordered at
a local level. This disorder is believed to reflect the small difference in binding energy
between different arrangements of H down water in the domain boundaries. The over-
all arrangement into regions of flat water, bonded tightly to the metal, within a loosely
bonded H-down water network is related to the behaviour observed on both Ru(0001)
[3], where the network remains commensurate, and Pt(111) where a well defined large
unit cell structure is formed [12], all of which appear to be driven by the formation of flat
water structures within some extended H-bonding network completed largely by H-down
oriented water molecules.
3.5 Hydronium ion investigation
Following our investigation into the structure of intact water on Pd(111) we examined the
co-adsorption of water with H. Interest in the interaction of water, oxygen and hydrogen
on Pt group metals has been stimulated by their use as electrocatalysts. Understanding
the co-adsorption of water and hydrogen is of particular interest to gain an insight into
the surface chemistry occurring at the electrode (anode) surface of low-temperature fuel
cells and the reversible hydrogen electrode [151]. The reaction occurring at the reversible
hydrogen electrode is: 2(H3O+) +2e− −⇀↽ H2 + 2H2O, or given by Lackey et al.[152] as
(H)ad + (H2O)ad A (H3O+)ad + e−metal.
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Creating an interface analogous to an electrochemically relevant system in UHV is
desirable in order to subject the interface to the scrutiny of a range of UHV techniques.
Investigating the system under UHV conditions allows the fundamental interactions be-
tween the surface and adsorbates to be probed, avoiding some of the complexity (and
limitations) inherent to studying electrochemical liquid-solid interfaces in-situ. The aim
is to be able to create surface species that exist under electrochemical conditions thus al-
lowing UHV findings to be extrapolated and applied to the electrochemical environment.
For example the formation of hydronium (H3O+) from hydrogen and water co-dosed onto
Pt(111) has been reported [152, 153]. The presence of hydronium was initially identified
by a high resolution electron energy loss spectroscopy (HREELS) peak at 1150 cm−1, in a
similar position to the bending mode of H3O+ in mineral acids [153]. A later study added
further evidence for the formation of hydronium by identifying isotopic exchange occur-
ring between pre-dosed hydrogen on the surface and D2O, forming (H2DO+)ad which
decomposes upon heating to give a 2:1 mixture of HDO and H2O [152]. Studies using
Pt surfaces other than Pt(111) appear to be less conclusive about the formation of hydro-
nium under the same conditions. Chen et al.[154] used experimental electron energy loss
spectroscopy (EELS) alongside calculated spectra, concluding that the surface species is
unlikely to be (H3O+) on (2 × 1) Pt(110) and instead suggesting a mixture of hydrated
intermediates such as H5O+2 and H7O
+
3 would be more likely. The investigation of van der
Niet et al.[151] into the interaction between water and pre-adsorbed D on the stepped
Pt(533) surface was inconclusive as to whether hydronium formed or not.
Although Pt has received the majority of interest in this area because of its catalytic
activity, parallels can be drawn to Pd, which is often compared to Pt due to their broadly
similar reactivity. In a recent review Koper [155] compares the experimental results from
hexagonal surfaces of Pt-group metal electrodes investigated under UHV and electrochem-
ical conditions with DFT calculations. The paper focuses on the binding energy of H, OH
and O, finding that only for Pt(111) and Pd(111) is the existence of a “double-layer re-
gion” consistent with the available experimental and theoretical data. (The “double-layer”
region is where the current flowing is due only to the capacitive charging of the electric
double layer and there is no reaction with water [155]). This means that out of the metals
(Pt, Ru, Rh, Pd and Ir) discussed only Pt(111) and Pd(111) were found to behave similarly
with respect to the binding of O, OH and water.
In this study we investigate the co-dosing of hydrogen and water onto Pd(111) to
observe the effect hydrogen has on the water layer and if hydronium is generated. We
find that increasing the pre-coverage of hydrogen on the surface leads to a drop in the
sticking probability of water. The presence of hydrogen on the surface promotes clustering
and prevents monolayer ice growth. The dewetting effect of hydrogen is so strong that
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even exposing a pre-adsorbed water layer to hydrogen causes clustering. No evidence for
isotopic scrambling was found, demonstrating conclusively that hydronium ions (H3O+)
are not formed from co-adsorbed hydrogen and water on Pd(111).
3.5.1 Experimental details
Water (D2O supplied by Aldrich, 99.9%) was dosed by molecular beam, as described
earlier, at 140 K. At this temperature crystalline ice (CI) should be formed instead of
amorphous solid water (ASW). Hydrogen was similarly dosed via a molecular beam at
an adsorption temperature of 173 K. The hydrogen coverage was calculated from the
desorption integral of the saturated TPD peak. Saturation was judged to be achieved
when the peak size ceased to increase with increasing exposure. All hydrogen doses were
calibrated against the dose time required to achieve saturation. (Hydrogen is known to
dissociate on the Pd(111) surface [156]). All TPD experiments were conducted using a
heating rate of 0.8 Ks−1, unless otherwise stated.
3.5.2 Results and discussion
3.5.2.1 The effect of increasing the amount of hydrogen pre-adsorbed on the Pd(111) sur-
face
The hydrogen pre-coverage was varied initially, with the D2O dose and adsorption tem-
perature kept constant, figure 3.10. The peak desorption temperature of D2O decreases
markedly (≈ 12 K with 0.6 layers of hydrogen on the surface) with increasing hydrogen
pre-coverage, relative to the clean Pd(111) surface. The peak width also more than dou-
bles as the hydrogen coverage is increased to 0.6 layers. The dramatic effect pre-dosing
hydrogen has on the water TPD peaks differs from that reported for Pt(111). Wagner and
Moylan found that the pre-adsoption of hydrogen had little if any effect on the water TPD
peak desorption temperature or shape [153]. (Lackey et al. however, find that the peak
desorption temperature shifts 5 to 10 K above the monolayer peak desorption from clean
Pt(111) [152]). The presence of hydrogen on the Pd(111) surface appears to be linked to
a small decrease in the overall amount of D2O adsorbed. This is akin to the observations
of Wagner and Moylan’s study on Pt(111), where they found hydrogen to sterically block
water adsorption but not to the extent that hydrogen and water are in direct competition
for the same surface adsorption sites [153]. This finding is consistent with Hads favouring
the three-fold face-centred cubic (fcc) adsorption sites [157] and as water tends to occupy
the atop sites on the majority of close-packed fcc surfaces the two species are unlikely
to be competing for the same adsorption sites. Steric blocking and/or through surface
electronic effects must account for the “blocking” effect observed.
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Figure 3.10: D2O (m/z = 20) TPD peaks showing the effect of increasing the amount of hydro-
gen pre-dosed on the Pd(111) surface. The exposure of D2O was kept constant, at
equivalent to one layer on clean Pd(111). The peak desorption temperature of D2O
is observed to decrease with increasing hydrogen coverage relative to D2O dosed
onto clean Pd(111) (plotted as a dotted line).
3.5.2.2 D2O on the hydrogen saturated Pd(111) surface
Fixing the surface coverage of hydrogen at saturation allows the change in the growth
mode of D2O to be investigated. Figure 3.11 shows the loss of the typical two peak TPD
peak shape found for D2O desorption from clean Pd(111), shown as a dotted line. There
is no longer a separate high temperature peak which saturates before the lower tempera-
ture peak forms, due to multilayer growth on the first layer water. Instead the peak size
grows as the exposure of D2O increases without any evidence of saturating. The longer
the exposure of D2O the higher the peak desorption temperature becomes, increasing by
10 K as the D2O coverage increases from 0.98 to 4.7 layers. This behaviour is consistent
with water forming 3D clusters instead of growing layer-by-layer. The clusters minimise
their contact with the surface and instead maximise the intermolecular interactions, the
reduced surface area and greater number of H-bonds causing the peak to shift to higher
temperatures. Pre-covering the Pd(111) surface with hydrogen appears to render the
surface hydrophobic, preventing the formation of a wetting layer and instead promoting
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the formation of clusters. H(ads) must weaken the water-metal bond, so instead of wa-
ter forming a wetting layer which achieves a favourable balance between the H-bonding
and water-metal interactions, the H-bonding alone is maximised through cluster forma-
tion. This could be linked to the difference in the workfunction change on adsorption of
hydrogen, as proposed for Pt(111) versus Ni(111) [158]. The sign of the workfunction
change on the dissociative adsorption of hydrogen on Pt(111) and Ni(111) are diamet-
rically opposed and may provide an explanation of the different wetting behaviour. The
hydrophobic (H/Ni(111) and H/Pd(111)) and hydrophilic (H/Pt(111)) behaviours may
result from the difference in charge between D2O and D(ads). Conrad et al.[159] found the
workfunction change on adsorption of hydrogen on Pd(111) has the same sign as Ni(111)
(i.e. the workfunction was found to increase on the adsorption of hydrogen), in line with
our finding that H(ads) on Pd(111) is also hydrophobic. The reduction in workfunction on
Pt is consistent with the interface (i.e. the adsorbed H) being positively charged, perhaps
helping to stabilise the hydronium species.
Figure 3.11: Pd(111) was initially saturated with hydrogen dosed at 173 K, prior to D2O ad-
sorption. The peak desorption temperature of D2O increases with increasing D2O
exposure, relative to D2O adsorbed onto clean Pd(111) (plotted as a dotted line).
There is no longer a low temperature peak associated with the presence of multi-
layer formation occurring when the Pd(111) surface is pre-saturated with hydrogen,
suggesting cluster growth. The heating rate used was 0.8 Ks−1 and the m/z = 20.
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Figure 3.12: A comparison between (a) clean Pd(111) and (b) hydrogen pre-saturated Pd(111)
TPD peaks after exposure to the equivalent of five layers of D2O on Pd(111) at
different adsorption temperatures. The resulting D2O coverages are shown in the
legend. The heating rate used was 0.8 Ks−1 and the m/z = 20.
An unusual TPD peak shape was observed when five layers of D2O were dosed on the
clean Pd(111) surface, figure 3.12(a). Typically a shoulder on the leading edge of a TPD
peak is indicative of the crystallisation of ASW during the TPD heating ramp, as seen on
Pt(111) for example [160]). The peak shape arises from the reduction in the desorption
rate as the temperature ramp causes a more stable water structure to be formed which
then desorbs at a higher temperature. However, D2O was dosed at a temperature where
CI should be formed, not amorphous ice structures, ruling out crystallisation during the
TPD heating ramp as the explanation for the TPD peak shape observed. The unusual TPD
peak shape was not observed at lower D2O coverages, leading us to suggest that the cluster
size changes as the amount of D2O present increases, as seen on Ru(0001) [130]. Water
on Ru(0001) forms crystalline ice clusters above 140 K, in order to minimise contact to
the first wetting layer and optimise the internal hydrogen bonds within the clusters. The
formation of multilayer clusters in preference to bonding to the first monolayer suggests
the first layer is tightly bound to the Ru(0001) surface and is thus unable to rearrange
in order to accommodate extra water [130]. The desorption of multilayer ice crystallites
formed on the first water layer on Pd(111) could account for the atypical TPD peak shape
observed.
The effect of pre-saturating the Pd(111) surface with hydrogen prior to D2O adsorption
was then investigated, figure 3.12(b). The surface was initially saturated with hydrogen,
then exposed to the equivalent of five layers of D2O at several dose temperatures. Notably
the peak desorption temperature for D2O dosed at 113 K is higher than that of D2O dosed
at 145 K. This unusual finding can be explained in terms of cluster size; at 113 K the
sticking probability of D2O is greater than at 145 K, leading to the formation of larger
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3D water clusters at 113 K which desorb at a higher temperature. D2O dosed at 145 K
and 150 K on the pre-hydrogen saturated surface similarly form clusters, as previously
observed in figure 3.11. At dose temperatures of 145 K and 150 K D2O molecules have
sufficient energy to diffuse across the surface and form water clusters, accounting for the
high peak desorption temperatures and the disappearance of monolayer growth compared
to the TPD spectra from D2O desorbing from the clean surface observed, figure 3.12.
Figure 3.13: D2O (m/z =20) uptakes on clean Pd(111) (black lines) at 145 and 150 K respec-
tively, against D2O uptakes on pre-hydrogen saturated Pd(111) (red lines) at 145
and 150 K. The sticking probability is plotted on the y axis, the dose time (exposure
time to D2O) is shown on the x-axis. (These correspond to the TPD peaks shown in
figure 3.12).
Figure 3.13 shows the D2O uptakes on clean versus hydrogen covered Pd(111). The
uptakes on clean Pd(111) clearly show the change in the sticking probability as the first
water layer saturates the surface. After the first layer saturates the adsorption of D2O
persists, however in the 150 K case the sticking probability is much reduced as multilayer
growth is retarded at this adsorption temperature. Both of the uptakes on the hydrogen
covered surface are missing the sharp first layer to multilayer transition, as seen on the
clean uptakes. This is consistent with the identification of cluster growth. The uptake
recorded at 150 K on the pre-hydrogen saturated surface differs from that at 145 K and the
uptakes on the clean Pd(111), as the sticking probability rapidly decreases. This coupled
with the corresponding TPD peak from figure 3.12 indicates that a few large water clusters
must grow at 150 K unlike at 145 K where a larger proportion of the D2O sticks so forming
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a greater number of smaller clusters, which have a lower desorption temperature.
3.5.2.3 Exploring the effect of exposing a pre-prepared water layer to hydrogen
Figure 3.14: Exploring the effect of exposing a pre-dosed water layer to hydrogen versus satu-
rating the Pd(111) surface with hydrogen prior to water adsorption. Initially D2O
was dosed on the clean Pd(111) surface to provide a point of reference (black line).
A pre-prepared D2O layer was exposed to a saturation dose of hydrogen (red line),
and finally the surface was saturated with hydrogen prior to D2O adsorption (blue
line). The D2O exposure was kept constant at 2/3’s of saturation, dosed at 140 K and
H2 was dosed at 173 K. In both cases where hydrogen was present the TPD peaks
(m/z = 20) are broadened and the peak desorption temperature shifted to lower tem-
peratures.
Finally, the effect of exposing a water layer to hydrogen was explored to provide a
comparison to the effect of pre-dosed hydrogen, figure 3.14. Exposing an incomplete
layer of D2O (approximately equivalent to 0.66 of saturation dosed on clean Pd(111))
with hydrogen caused the layer to form 3D clusters, even though the water was originally
covering the surface. The peak desorption temperature is reduced by 12 K (with respect
to the non-hydrogen dosed D2O layer), and the peak width and shape also alters. The
full width at half maximum (fwhm) of the TPD peaks where hydrogen is present is essen-
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tially twice that of the clean surface peak. The destabilisation effect due to hydrogen was
greatest when it was dosed prior to D2O, destabilising the D2O layer by ≈18 K, compared
to ≈12 K when D2O is dosed first. This may be at least partially due to pre-adsorbed
hydrogen reducing the D2O uptake with respect to clean Pd(111). Our findings suggest
that hydrogen adsorbs to the remaining bare Pd(111) surface and forces the water layer
to reconstruct.
3.5.2.4 Is hydronium produced on this surface?
In all the experiments detailed in this section masses 18 (H2O), 19 (HDO) and 20 (D2O)
were monitored. We found no evidence for isotopic scrambling between H(ads) and D2O,
providing conclusive evidence that H3O+ does not form on this surface. Pt(111) appears to
be atypical in its behaviour, as H3O+ formation has been shown not to occur on Ni(111)
[158, 161], Cu(110) [152] or Rh(111) [162]. Instead of mirroring Pt(111), Pd(111)
seems to be behaving more similarly to Ni(111) and Rh(111), which have been observed
to become hydrophobic upon adsorption of hydrogen.
3.5.3 Conclusions
Pre-covering the Pd(111) surface with hydrogen renders the surface hydrophobic. Instead
of forming a 2D wetting layer, water instead grows as 3D clusters in order to maximise
the degree of H-bonding whilst minimising its contact to the surface. The lack of isotopic
mixing between H(ads) and D2O conclusively proves H3O+ does not form on this surface.
The de-wetting effect of hydrogen is so strong that a pre-prepared water layer was found
to reconstruct after hydrogen adsorption.
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Chapter 4
Water on Ni(110), a preliminary STM
investigation
4.1 Introduction
The work previously presented in this thesis has focused on water binding to close packed
(111) metal surfaces. Here we turn our attention to the more open and reactive f.c.c.
(110) face. Understanding how water and mixed OH/water phases interact with reactive
metal surfaces, especially catalytically relevant elements such as Ni, has implications in
fields such as corrosion and electrochemistry. There has been a great deal of interest in
the interaction of water with the Ni(110) surface with regards to whether water adsorbs
intact or not [18–20, 163, 164]. Ni sits on the borderline, appearing in the periodic table
between metals that clearly dissociate water and those which allow molecular adsorption
[20]. Previous studies have shown that water adsorbs molecularly on Ni(111) [132] but
this is not necessarily the case on the (110) surface. The greater reactivity of the (110)
face, compared to (111), results from the lower coordination of its surface atoms which
can render the activation barriers to desorption and dissociation of water similar in size.
That Ni is relatively reactive is shown by the activated decomposition of water for Ni(110)
but the desorption of intact water on Cu(110) [165]. Altering the reactivity of the sub-
strate will have an impact on the water structure adopted as the balance between the
H2O-metal versus intermolecular H-bonding interactions shifts. Here I report a prelimi-
nary study aiming to identify the point at which water dissociation occurs and gain an
insight into the range of water and H2O + O structures formed on the Ni(110) surface.
Previous research [18, 166] has identified that water dosed onto clean Ni(110) has a
TPD spectrum with four peaks, figure 4.1. These peaks have been assigned to multilayers
of ice (180 K, C), water clusters (230 K, A2), water dimers (280 K, A1) and the dispropor-
tionation of OH(ads) groups arising from previous partial dissociation of water (400 K, B)
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[18]. On pre-dosing the Ni surface with oxygen prior to water adsorption, peaks A1 and
A2 merge into one peak (labelled A) as O(ads) promotes dissociation. Benndorf and Madey
[19] estimate the activation barrier for O-H bond cleavage to be ≈ 50 kJ/mol on clean
Ni(110) and decreases to ≈ 20 kJ/mol in the presence of oxygen. As water may dissociate
during the TPD heating ramp, ascertaining the exact temperature at which intact water
exists in a partially dissociated state on the surface is a disputed issue. The water TPD
from Ni(110) bear a strong resemblance to that arising from the dissociation of water on
Cu(110) [165]. Cu(110) is a system which has received a great deal of study and interest
and will serve as a useful point of reference for interpreting the findings on Ni(110).
Figure 4.1: TPD spectra for water and H2 from Ni(110) surfaces dosed with (a) water alone and
(b) after exposure to oxygen. Water was dosed at 120 K in all cases. 0.15 ML of
oxygen was pre-dosed at 400 K. A heating rate of 10 Ks−1 was used. Adapted from
Guo and Zaera [18].
Benndorf and Madey [19] observed a sharp c(2×2) LEED pattern from the water layer
and ESDIAD indicated that some of the water molecules had OH groups in an orientation
perpendicular to the surface, in an H-up configuration. These findings coupled with their
assumption that the coverage was 1 ML, lead them to adapt the traditional bilayer model
resulting in a distorted hexagonal network for water on Ni(110) shown in figure 4.2.
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Callen et al.[164] instead determined the water coverage to be only 0.48±0.05 ML using
nuclear reaction analysis. ESDIAD showed no normal emission from the saturated water
overlayer at 180 K and the absence of any internal intermolecular O-H stretching modes
in RAIRS was taken as evidence that the water molecules were adsorbed with their molec-
ular planes almost parallel to the surface, without any intermolecular hydrogen bonding.
Callen et al.[166] concluded that water partially decomposed at around 200 K during des-
orption of the A2 peak (shown in figure 4.1). This system was subsequently investigated
by Pirug et al. using LEED, XPS, UPS and photoelectron diffraction [20]. They determined
that water dosed at 180 K partially dissociated, forming a c(2 × 2) OH/H2O structure,
figure 4.3, and suggested that water decomposed even at 120 K. It should be noted that
the possibility of electron induced dissociation here cannot be ruled out. Despite the
discrepancies between the studies there is a general consensus that water dissociates on
Ni(110) to form mixed OH/H2O structures above 200 K, however debate remains regard-
ing whether water is intact below this temperature. Neither Benndorf and Madey [19] or
Callen et al.[166] considered the possibility of a partially dissociated mixed OH/H2O layer
to account for their experimental observations. The lack of OH stretching modes, which
Callen et al. took as evidence that there was no hydrogen bonding, is instead indicative
of an approximately planar structure. This interpretation of a planar, hydrogen bonded
OH/H2O structure is in keeping with more recent studies of water structures which lead
us to conclude that the absence of H-bonding stabilising adsorption is implausible [1].
Figure 4.2: Schematic representation of the structure proposed for a c(2 × 2) water bilayer ad-
sorbed on Ni(110)[19]. The upper half of the bilayer has uncoordinated H atoms
pointing into the vacuum as suggested by ESDIAD. Adapted from ref [19], repro-
duced from ref [1].
Another issue of interest besides establishing the point at which water dissociates
on Ni(110) is the structure of the water layer. Recent STM investigations of water on
Cu(110) found water forms hydrogen bonded pentagonal rings in preference to the more
traditionally assumed hexagonal ring based structures[11]. Water bound in a pentagonal
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Figure 4.3: Pirug et al.’s model for a compressed OH/H2O bilayer, similar to that proposed by
Benndorf and Madey[19] (shown in figure 4.2). Adapted from ref [20], reproduced
from ref[1].
structure is able to achieve a good bonding interaction with the substrate whilst maintain-
ing a strong hydrogen bonding network. The formation of pentagons reduces the strain,
which would be created if hexagonal units were formed due to the short lattice spacing of
Cu(110). As Ni(110) has a lattice spacing even smaller than Cu(110), Carrasco et al.[11]
predicted that pentagons would also be favoured over hexagons on this surface. The in-
vestigation presented here has two main aims, firstly to establish if water adsorbs intact
on the Ni(110) surface and secondly to reveal the bonding motif adopted by the water (or
mixed OH/H2O) structure.
4.2 Experimental details
The Ni(110) sample was mounted on a Ta sample holder (by strips of Ta) allowing the
sample to be moved around the chamber. A K-type thermocouple was attached to the
sample plate holders on both the sputter/anneal manipulator and the STM block itself,
allowing the temperature of the sample to be monitored. The sample was subjected to
repeated Ar+ sputter-anneal cycles to achieve a clean surface (cleanliness was determined
by STM). Carbon is a known contaminant and if the anneal temperature used exceeded
≈ 680 K, carbon impurities from the bulk diffused to the surface, figure 4.4. The carbidic
carbon structures, previously identified by Klink et al.[21], could be removed by repeated
sputtering and annealing at a lower temperature. Ultrapure (milli-Q) water was intro-
duced into the chamber through a leak valve, with typical dose pressures in the chamber
of 2× 10−9 mBar. Typically a water dose of 0.18 - 0.2 L (1 L ≡ 1× 10−6 torr for 1 s) was
used, however, when the crystal was at 200 K the water dose was increased to 0.36 L to
account for the reduced sticking probability at this temperature. Oxygen was also intro-
duced into the chamber via a leak valve, with a typical dose of 0.09 L. All images were
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recorded at 100 K unless otherwise stated. All experiments detailed here were conducted
with M. Forster. For further details of the experimental chamber used see chapter 2 section
2.9.
Figure 4.4: Carbon contamination growing out from the step edge (typically (4×3) or (4×5) but
this image is not fully atomically resolved[21]) imaged at room temperature. (194 ×
296 Å, It = -0.42 nA and Vt = -1250 mV).
4.3 Results and discussion
4.3.1 Water on Ni(110)
In order to establish the point at which water dissociates on Ni(110) the initial water dose
temperature used was 110 K, lower than the suggested dissociation/partial dissociation
temperature quoted in the literature. Figure 4.5 (a) shows an STM image of water islands
aligned in the [11¯0] direction. These islands appear to consist of two main structural
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features; rings and diffuse zig-zigs, shown in figure 4.5(b) and (c). The rings appear
around the island edges, whereas the zig-zags appear to comprise the majority of the
centre of the islands. Looking more closely at these structures, figures 4.6 and 4.7, the
rings tend to form chains along [11¯0] that are separated from each other, instead of fused
together to create a 2D network. There are occasionally small sections of these chains
directly attached to neighbouring chains, see figure 4.5 (c) to the right-hand side of the
image, but this does not persist over a large area. When joined together these 1D chains
always appear to be out of phase by half a unit. In a number of the images recorded both
the water structure and the underlying metal rows were imaged simultaneously, allowing
the registry of the water structures with respect to the surface to be determined. Figure 4.7
shows that the backbone of both the ring and zig-zig water chains runs along the top of the
[11¯0] metal rows. This atop site is consistent with either a zig-zag chain of water roughly
atop the Ni or with a chain of OH/H2O both of which have been reported on Cu(110)
[11, 22]. Intact water chains at low coverage on Cu(110), however, grow along the [001]
direction [11], unlike any structure observed here. Chains of OH/H2O have been reported
to grow along the [11¯0] close packed direction on Cu(110), disappearing on further water
exposure to be replaced with distorted 2D hexagonal islands of c(2 × 2) water-hydroxyl
structure [22]. The small areas where interlinked rings are seen on Ni(110) could be
analogous to the c(2×2) structure observed on Cu(110) [22]. The ring structures observed
on Ni(110) are typically interspaced by at least one metal row or more (figure 4.6 (b)
nicely shows rings interspaced by one metal row, or a larger spacing consisting of one
metal row followed by a zig-zag structure followed by a further metal row before rings
appear again). The rings themselves span from one close packed metal [11¯0] row to
another, hence the ring width is approximately 3.5 A˚.
The result of increasing the water dose temperature to 140 K, a temperature suggested
in the literature as the point at which water may exist in a dissociated or partially dissoci-
ated state on the Ni(110) surface, is shown in figure 4.8. There appears to be little differ-
ence between the structures imaged here and those recorded for a 110 K dose tempera-
ture. Water is again observed to grow in small islands, aligned in the [11¯0] direction. Rings
and diffuse zig-zag chains are the only structures observed, as seen at 110 K. There appears
to be a higher proportion of rings to zig-zags at 140 K compared to 110 K (more of the zig-
zag chains appear to be terminated by rings than in the 110 K case). There is also a number
of small islands composed of interlinked staggered rings (honey-comb like in appearance),
figure 4.8 (b), which are not seen at 110 K. However, large areas of fused/interlinked rings
are again not observed. Rings still remain more common at the island edges with zig-zag
chains typically occupying the island centres. The rings imaged both at 110 and 140 K
appear to be six membered, rather than the pentagonal chains previously postulated [11].
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Figure 4.5: Water dosed at 110 K, STM image recorded at 100 K. (a) Water islands aligned along
the [11¯0] direction, (194 × 283 Å, It = -0.70 nA, Vt = -196 mV) (b) Closer image of
the water islands showing the ring and diffuse zig-zag structures (128 × 106 Å, It =
-0.58 nA, Vt = -196 mV) (c) limited extent of interlinked neighbouring rings visible
to the right-hand side of the image, (189 × 46 Å, It = -0.69 nA, Vt = -196mV).
Figure 4.6: Images of water dosed at 110 K. (a) A mix of zig-zag and chain structures, note not
all zig-zag structures are terminated with rings, (90× 86 Å, It = -0.60 nA, Vt = -196
mV) (b) Ring structures interspaced with metal rows or by metal rows and zig-zag
structures (68 × 23 Å, It = -0.64 nA, Vt = -196 mV) (c) Ring structures connected
by zig-zag structure with interspaced neighbouring chains of rings (72 × 52 Å, It =
-0.67 nA, Vt = -196 mV).
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Figure 4.7: Black lines have been overlaid in line with the underlying Ni(110) surface. This
image highlights that water chains grow in the [11¯0] direction, with the backbone of
the chains on the metal rows (not in the troughs). The chains of rings are typically at
least one metal row apart or more from neighbouring chains. In some areas (near the
island edges) rings may have neighbouring rings directly attached but these features
only exist over a limited area and appear in a staggered configuration. (73 × 53 Å, It
= -0.67 nA, Vt = -196 mV).
Dosing water at 200 K leads to the observation of structures with a higher degree of
order compared to those seen at 110 and 140 K. There is no evidence of any labile zig-
zag water chains accompanying the rings, as seen at lower dose temperature. Instead of
water islands, only chains and small isolated bright protrusions are observed, figure 4.9.
The chains imaged here have a different structure to the rings and diffuse zig-zags seen
previously. There are at least two types of branched zig-zag structure, shown more clearly
in figure 4.10 (b) and (c) which closely resemble the pinch and zig-zag mixed OH/H2O
chains reported on Cu(110)[22], see figure 4.11. There is possibly a third chain type,
shown in figure 4.10 (b), that has a large “gap” between the two bright branched zig-zags
but that may be due to different imaging conditions. However, the quality and resolution
of the images is not sufficiently high that we can say definitively that this is a distinctly
different structure. Despite the different structure of these chains compared to those seen
at 110 and 140 K the growth direction of the chains remains along the [11¯0] direction, as
before. The isolated bright protrusions observed are likely to be hydroxyl dimers, again
similar to features seen on Cu(110) [22]. The image quality renders this assignment
tentative but hydroxyl dimers have been shown to have enhanced stability over isolated
OH’s due to limited H-bonding interaction on Cu(110) [22].
4.3.2 Oxygen and water on Ni(110)
In order to examine the difference between structures formed by water adsorption and the
mixed OH/H2O structure formed by the O+H2O reaction, oxygen was pre-dosed to facili-
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Figure 4.8: Water dosed at 140 K. (a) water islands (322 × 493 Å, It = -0.44 nA, Vt = -209 mV)
(b) showing the islands comprise of rings and zig-zag chains, with small islands of
interlinked rings (192 × 268 Å, It = -0.47 nA, Vt = -209 mV) (c) Small islands of
chains of rings both interspaced and interlinked, (130 × 132 Å, It = -0.63 nA, Vt =
-236 mV).
tate dissociation for comparison with images obtained at 110 and 140 K. Figure 4.12 (a)
shows an STM image of oxygen on Ni(110) (prior to water adsorption) there are two main
types of structural features; dark rectangular troughs orientated in the [11¯0] direction and
bright chains, most of which grow along the [001] direction, although some (generally
shorter chains) run in the [11¯0] direction. Adsorbing oxygen on Ni(110) has been found
to cause restructuring and long range mass transport of Ni atoms [167]. Ni atoms are not
only removed from step edges but also from terraces, leaving dark rectangular troughs
elongated along the [11¯0] direction. The removed Ni reacts with O adatoms resulting in
the formation of the -Ni-O- added rows. Eierdal et al. [167] assigned the bright chains
growing along the [001] direction to low-coordinated -Ni-O- rows. The dark troughs cre-
ated exist with strings inside formed by a missing-row growth mode, i.e. every second
close-packed row is removed leaving troughs with strings. The bright features growing in
the [11¯0] direction are close-packed Ni rows with O most probably chemisorbed at (111)
facets of the rows [167].
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Figure 4.9: Water dosed at 200 K. (a) water chains growing across a terrace isolated protrusions
likely to be hydroxyl dimers [22] (319 × 492 Å, It = -0.60 nA, Vt = -190 mV).
Dosing water on to this oxygen covered surface results in a complex mix of structures,
figure 4.12 (b). The dark troughs and bright chains persist but additionally a selection
of OH/water features can be discerned, figure 4.12 (b) and figure 4.13. Although the
resolution is not particularly good a mixture of branched chains, rings and conjoined
staggered rings are observed, amongst which can be recognised structures similar to the
zig-zag, pinched and c(2× 2) OH/H2O structures reported on Cu(110) [22], figure 4.11.
(Note the similarity of the bright zig-zag chain in figure 4.12(b) compared to that reported
on Cu(110) shown in figure 4.11 (b)). As before, these structures are still aligned along
the [11¯0] direction, as seen throughout all the experiments conducted here. In figure
4.13 (a), brighter rows are seen intersecting the dark troughs, but these rows grow in
a different direction to those noted above created by the oxygen induced missing row
reconstruction (seen in figure 4.12(a)).
The structures growing along the [11¯0] direction of the troughs could instead be Ni-
OH [65] chains. In Savio et al.’s study[65] of hydroxyl formation on O/Ag(110) Ag-
OH rows grow along the [11¯0] direction, perpendicular to the growth direction of Ag-O
chains. However, in this study the Ag-OH rows are claimed to image as depressions,
whereas we contend that the bright row is a Ni-OH chain with the two neighbouring
metal rows imaging darker due to the charge difference/depletion (consistent with the
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Figure 4.10: Water dosed at 200 K. (a) showing the different structure of water chains (194
× 296 Å, It = -0.62 nA, Vt = -226 mV) (b) water chains with an unusual link-
age/interspacing imaging dark and a zig-zag structure akin to the “zig-zag” struc-
ture seen on Cu(110) [22] (103 × 64 Å, It = -0.62 nA, Vt = -226 mV) (c) Branched
zig-zag chain, akin to the “pinch” structure seen on Cu(110) [22] (43 × 32 Å, It =
-0.62 nA, Vt = -226mV).
observation of OH imaging as a bright protrusion flanked by a depression on Cu(110)
[22]). The neighbouring Ni rows instead could be missing (due to the oxygen induced
reconstruction of the surface prior to water adsorption) accounting for the depressions,
with the Ni-O left in the trough reacting with water to form Ni-OH, altering its alignment in
so doing. However, in Ruan et al.’s [168] investigation of the decomposition of ammonia
on O/Ni(110) OH chains are found to grow along the [001] direction. An alternative
explanation is that these bright features are Ni-H [169]. Ni-H chains have been found to
grow along the [11¯0] direction on Ni(110), in a combined missing and added row model
[169], hence the observed dark (missing) and light (added) rows. However, this suggested
structural assignment seems somewhat unlikely as water dissociation on Ni(110) has been
found to evolve H2(g) instead of retaining it on the surface [163].
4.3.3 Discussion
Although the data presented above is only a preliminary STM investigation into this sys-
tem we can draw some tentative conclusions. The water structures observed at 110 and
140 K dose temperatures share many similarities, consisting of islands comprised of rings
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Figure 4.11: (a)-(c) STM images of co-existing [11¯0] chain structures formed at 200 K. (a) (255
× 88 Å), (b) “zig-zag” type chain structures with 2aCu repeat and regular branched
spacing (41 × 21 Å), (c) “pinched” type chain with irregular branches and a 4aCu
repeat. (d) and (e) shows the calculated structures (left) and simulated STM im-
ages (right) for the two most stable chain structures containing 1H2O:1OH. Each
chain contains a central water backbone with H-bonds donated to hydroxyl groups
arranged with either a (d) 2aCu or (e) 4aCu repeat along [11¯0]. The solid line shows
the (4×5) unit cell employed. This figure has been reproduced and adapted from
ref [22].
Figure 4.12: (a) oxygen (dosed at 368 K) on the Ni(110) surface, STM image recorded at ≈298
K (154 × 195 Å, It = -0.70 nA, Vt =-1250 mV) (b) water (dosed at 125 K) and
oxygen on the surface, STM image recorded at 100 K (120 × 92 Å, It = -0.40 nA,
Vt = -100 mV).
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Figure 4.13: Water and oxygen (water dosed at 125 K) (a) mixture of structures from oxygen,
OH and water (229× 250 Å) (b) a cut-out and enlargement of a 200× 39 Å section
of (a) (It = -0.62 nA, Vt = -196 mV). White circles have been overlaid as a guide to
the eye to some of the areas where mixed OH/water chains have been formed.
and diffuse zig-zag chains. The indistinct nature of the zig-zag chains suggests that the
surface species is mobile under the influence of the tip during scanning. This observed sur-
face mobility leads us to suggest that the zig-zag chains consist of intact water molecules
hydrogen bonding along the chain, since experience tells us that OH structures are much
less labile [22]. The assignment of the diffuse zig-zag chains as intact water is consis-
tent with the disappearance of this structure for a 200 K dose temperature, where water
molecules decompose. The ring structures are better resolved than the zig-zag chains, and
appear in a higher proportion as the dose temperature increases. We propose the rings
contain hydroxyl species which effectively pin the intact water in the structure rigidly to
the surface. As more rings to zig-zag chains are observed at 140 K compared to 110 K we
suggest that water is partially dissociated in both cases, with the degree of dissociation
increasing as the dose temperature increases.
Considering the similarity between the structures recorded on the oxygen pre-covered
surface compared to just water dosed at 200 K, we can confirm that water is indeed disso-
ciated on the surface at 200 K. The branched zig-zag chains and small areas of interlinked
rings observed in both cases are very similar in appearance to the mixed OH/H2O struc-
tures found on Cu(110) [22]. The persistence of these ring structures even in the presence
of adsorbed oxygen, gives further support for the incorporation of hydroxyl species within
the rings. All of these zig-zag and ring structures appear along the [11¯0] direction, with
or without pre-dosed oxygen, unlike the behaviour witnessed on Cu(110) where intact
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water chains grow along the [001] direction, with mixed OH/H2O chains along the [11¯0]
close packed row [22]. Regarding the prediction that water would favour a pentagonal
type bonding arrangement over a hexagonal [11] one, we find no evidence that this is
the case. This could perhaps be due to the shorter lattice spacing of Ni(110) resulting in
even pentagonal rings not sufficiently alleviating strain to permit chains of water to grow
in the [001] direction. However, as water appears to be at least partially dissociated at all
temperatures investigated here, there remains the possibility that intact water structures
may form pentamers.
The appearance of chains of rings growing across two parallel close-packed rows, usu-
ally with at least one bare metal row between neighbouring chains, has analogies to the
behaviour observed on Cu(110) [11, 25]. The intact 1D pentamer water chains are iso-
lated from neighbouring chains by > 10 A˚ due to through-vacuum electrostatic repulsion
[11]. Similar linear chain structures separated by lower contrast regions have been re-
ported for a mixed OH/water phase on Cu(110) by Guillemot et al. [25]. They attributed
the dark depressions as the locations of the hydroxyl/H2O species, figure 4.14, leading
them to create the structural model shown in figure 4.14 (2). Their interpretation is dif-
ferent from similar images reported on other metal surfaces and may call their structural
model into question. Under typical imaging conditions OH groups image as protrusions
[22], only being reported as depressions when extremely low bias voltages have been used
[23, 24]. As Guillemot et al. [25] do not report the conditions used to record their images
we can only assume that no special imaging conditions were used. Their model also does
not optimise the H bonding nor does it contain H bonds to hydroxyl groups, which are
known to be good H bond acceptors but poor H bond donors [22]. Their images could
however be re-interpreted, instead of the model they suggested the structure could per-
haps be similar to the c(2× 2) OH/H2O structure containing Bjerrum defects, reported on
Cu(110) [22]. With the bright protrusions interpreted as the OH/H2O structure, the image
now appears to show interspaced chains of six membered rings. This re-evaluatation of
their image bears some resemblance to the structures we recorded on Ni(110) e.g. figure
4.8(c). This suggestion could be explored by conducting further experiments on Ni(110)
investigating the structural effect of varying the OH/H2O ratio and dose temperature.
4.4 Conclusions and open questions
Despite the limited nature of this investigation into the interaction and structure of water
on Ni(110) some tantalising findings have been obtained. Water appears to be partially
dissociated at all temperatures investigated. The presence of hexagonal rings on the oxy-
gen pre-dosed surface provides compelling evidence that these structures are indicative
of water decomposition. The growth direction of all water structures presented here is
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Figure 4.14: 1(a) Close-up STM topography of the water-hydroxyl adsorption phase on Cu(110).
The main body is labelled as a (2× 3) symmetry, with a c(2× 4) structure occurring
at domain boundaries. Figure 2 shows the structure of the water-hydroxyl phase (a)
Left: Schematics of charge transfer (shown by the white arrows) in the topmost sur-
face layer. Right: Two mirror configurations of the water-hydroxyl phase (the left
and right panels). The dashed lines demarcate the mirror planes. Different configu-
rations of the OH-OH dimers and side on complex were reproduced from Kumagai
et al. [23, 24]. 2(b) and (c) Structural model of the water-hydroxyl phase super-
imposed on STM topographies of the domain body (b) and the domain boundary
(c). The grid lines show the close-packed rows of the Cu substrate. The hydroxyl
structures (D1, D2, and N) are simplified and emphasized for clarity. Adapted from
Guillemot and Bobrov [25].
along [11¯0], in contrast to Cu(110) where intact water chains run along [001] and disso-
ciated structures grow in the [11¯0] direction. This observation adds further evidence to
the suggestion that water is partially dissociated under all conditions explored here. No
evidence was found of pentagonal water chains, contrary to the prediction of Carrasco et
al. [11]. However, this prediction was made on the assumption of water remaining intact
on the surface, so until it is conclusively established that water does not remain intact on
Ni(110) at any temperature this prediction still stands. A number of questions still remain
unanswered and require further research. The complex mixture of structural phases iden-
tified when an oxygen pre-dosed Ni(110) surface was exposed to water requires further
investigation. Optimising the OH/H2O ratio and degree of reaction could help to isolate
and identify specific structures. With respect to the intriguing findings of Guillemot et
al.[25] investigating the composition range of OH/H2O might lead to the isolation of a
structure comprised entirely of extended chains of rings. This study could also establish
if the zig-zag and pinch structures seen on Cu(110) [22] occur on Ni(110) at an identical
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composition/structure or are simply analogous (not identical) to those on Cu(110). Iden-
tifying the species responsible for the chains appearing within troughs along the [11¯0]
direction as Ni-H or Ni-OH, and if the Ni(110) surface is restructured in order to form
this structure, would be of interest. Perhaps the most pressing issue to address is does
water ever adsorb intact on Ni(110)? As shown in the experiments presented here water
is partially dissociated even at temperatures as low as 110 K and this is unlikely to have
been a result of electron or tip damage.
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Chapter 5
Pt skin alloys on Ni(111)
5.1 Introduction
5.1.1 Fuel cell reaction
With supplies of fossil fuels dwindling and increasing concern about greenhouse gas emis-
sions, the search for clean energy sources is growing in importance. Electrocatalytic fuel
cells are potentially useful as power sources, with specific relevance to the transportation
sector, which is at present one of the largest consumers of fossil fuels and thus greenhouse
gas emitter [170]. Low-temperature fuel cells are of particular interest, as they cleanly
convert hydrogen and oxygen into water in order to produce electricity [171]. Presently
these fuel cells are not economically attractive, largely due to the use of Pt as a cathode,
which is both directly and indirectly expensive. Not only is Pt a relatively scarce precious
metal but it has a low CO tolerance, meaning the hydrogen feedstock must be of exceed-
ingly high purity, a costly process. (Detailing the ethical considerations regarding turning
land over to the production of biofuel crops is outside the scope and remit of this thesis).
The main reactions occurring at the hydrogen/oxygen fuel cell electrodes are the oxy-
gen reduction reaction (ORR) at the cathode and the oxidation of hydrogen at the anode
[172]. The ORR reaction is a multi-electron process that may include a number of steps
and intermediates. The overall half-cell reaction is:-
1/2 O2 + 2(H+ + e−)A H2O
However, Wroblowa et al. [173] proposed the following reaction scheme [172]:
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Even though this schematic is still a simplification of the actual reactions occurring, it
gives at least an indication of the complexity, number of steps and intermediates involved
in this reaction, which at first glance appears deceptively simple.
The ORR is slow even on Pt and has a considerable overpotential, decreasing the
efficiency of the fuel cell. In the hydrogen/oxygen fuel cell the cathode overpotential is
between 500 - 600 meV, resulting in an efficiency of 45 -55% compared to the theoretical
thermodynamic efficiency of 93% at 25◦C [174]. Fundamental research into the design
of efficient and stable fuel-cell electrocatalysts is required if this type of low-temperature
fuel cell is to be widely used [170].
5.1.2 Catalyst design
To overcome these problems a catalyst with higher ORR activity, better catalytic stability
and lower cost than the Pt cathodes presently used, needs to be identified. This challenge
is further complicated by the extremely corrosive conditions present at the fuel cell cath-
ode which any new catalyst material must be able to withstand, whilst being chemically
reactive enough to activate O2 and noble enough to release the oxygen from the surface
as H2O [175]. In order to become economically viable for the automotive industry, for ex-
ample, the amount of Pt used in the fuel cell must be reduced by approximately five times
[72]. Alloying Pt with another cheaper, transition metal not only reduces the amount of Pt
used but has also been shown to improve the ORR activity [72]. Three main approaches
to improving the ORR activity of the Pt electrode via alloying have been shown to be
effective:
1. alloying Pt with other transition metals, such as Ni, Co or Fe,
2. modifying the lattice constant of Pt via the creation of Pt alloy overlayer structures
and
3. overlaying metals such as Au onto Pt supports [176].
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The most effective of the above methods appears to be (2) as the experiments of Sta-
menkovic´ et al. [72] have shown an order of magnitude improvement of the ORR on
Pt3Ni(111) compared to Pt(111).
It has been suggested that the enhanced ORR activity of Pt3Ni(111) over Pt(111) could
be due to the strength with which OH(ads) is bound to the catalyst surface. In acid solu-
tion it is thought that OH(ads) is formed from the oxidation of water on the Pt surface,
and blocks surface sites for O2 adsorption, effectively poisoning the surface [172, 176].
Rossmeisl et al. [176] suggested that Pt binds OH too strongly, thus limiting the ORR
reaction, whereas Pt3Ni is limited by weak OH binding, and that an ideal catalysts would
be one with an intermediate OH(ads) bond strength. This suggestion is supported by the
work of Matanovic´ et al. who explain the improvement in the ORR activity as the weaken-
ing interaction of the ORR oxygen containing intermediates with the surface, via d-band
shifting caused by alloying [174].
The majority of studies conducted into this area are either experimental investiga-
tions conducted under electrochemical conditions or are theoretically based; both of these
approaches make assumptions about the structure and bonding to the surface of the wa-
ter/OH layer. The prevailing aim of the majority of the theoretical investigations is to
perfect catalyst design so that the chemical properties of an as yet unmade or untested
catalyst can be predicted (or ideally chosen) a priori. The structure of the water and hy-
droxyl layers present on the catalyst surface in electrochemical solution are unknown and
must be modelled in theoretical studies. The specific adsorption sites for OH and H2O are
not known explicitly on these Pt/Ni surfaces, although generally water bonding atop and
OH on bridge or hollow sites are thought to be favoured [172]. Theoretical models also
make assumptions about the surface structure of the alloys. A number of the Pt alloys are
surface segregated, meaning the outermost layer consists of Pt atoms alone, leaving the
next two to three atomic layers Pt depleted. The degree to which the layers beneath the
topmost layer are Pt depleted is an issue for discussion, as experimental findings suggest
it depends on a number of factors including anneal temperature, surface termination and
the presence of adsorbates. The issue of surface roughness must also be borne in mind
(which can either be deliberately induced by sputtering or acid treatment or by dosing Pt
onto the surface) where island formation may occur [70, 177, 178]. The intrinsic com-
plexities of such surfaces makes accurate modelling a significant challenge, in addition,
current theoretical methods often underestimate the contributions of van der Waal in-
teractions, which play a significant role in H-bonded systems (as discussed in chapter 2
section 2.10).
In order to study the water and mixed water/oxygen layer at the metal interface a
model system is used. Creating a well characterized Pt/Ni(111) surface under UHV condi-
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tions allows the water layer to be analysed, here primarily by LEED and TPD. In this study
we find water is stabilised with respect to Ni(111) on the three Pt/Ni surfaces investigated
here. This stabilisation arises from the dissociation of water which was found to proceed
on the Pt/Ni surfaces. The composition of the surface was controlled by the preparation
i.e. varying the amount of Pt dosed or the anneal temperature used. Varying the anneal
temperature in order to produce an alloy was found to affect the resulting water TPD peak
and also alters the surface’s activity to water dissociation. However, the behaviour of the
Pt skin surfaces was found to be relatively insensitive to Pt thickness. Co-dosing oxygen
and water onto the Pt skin surfaces had little effect on the TPD peak, showing that oxygen
does not provide any additional stabilisation over that achieved by water dissociation.
5.2 Experimental details
Water was dosed at 123 K in all the experiments reported within this chapter. The
water coverages are given with respect to a saturation layer (labelled as 1 layer) of
H2O/D2O/H182 O on clean Ni(111) accordingly. (Pache et al. [29] determined the satura-
tion coverage of water on Ni(111) to be 0.65 ± 0.05 ML using XPS). All TPD experiments
were conducted with a heating rate of 0.8 Ks−1 unless otherwise stated. Pt was dosed
onto the Ni(111) surface using a filament doser (described in chapter 2, section 2.4) with
a dose rate of approximately 0.003 to 0.005 layers s−1. The Pt layer was annealed to
approximately 508 K in order to achieve a Pt “skin” overlayer [70] without significant dis-
solution of Pt into the Ni substrate, figure 5.1. Annealing to higher temperatures has been
found to result in a mixed Pt/Ni surface layer [102], the effect of which will be discussed
below. Formation of a mixed Pt/Ni surface layer was found to have a pronounced effect
on the LEED pattern and the peak desorption temperature of the water TPD, figures 5.1
and 5.2.
The LEED patterns observed by Barnard et al. [102] were used to calibrate the thick-
ness of the Pt layer formed, the thin Pt skin layer is referred to as 1-1.5 ML Pt/Ni(111),
with the thicker layer being 2-3 ML Pt/Ni(111). Barnard et al. [102] calibrated their Pt
doses using Auger electron spectroscopy (AES). Completion of the first Pt layer (1 ML) was
clearly observed as a break in the Ni AES signal on completion of the first Pt layer, after
which the growth mode changes, approaching Stranski-Krastanov type behaviour. After
completion of the first layer of Pt the dosing conditions were fixed and used to calculate
the Pt coverage with respect to the first layer i.e. if the first layer took three minutes to
dose (with the Ni(111) substrate held at 150 K), a six minute dose at the same temper-
ature would be referred to as a 2 ML coverage [102]. The growth of Pt layers on Ni is
discussed in detail below, section 5.3.1.
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5.3 Results and Discussion
5.3.1 Formation of Pt “skin” layer and Pt/Ni alloy
5.3.1.1 Previous studies of Pt/Ni alloys: What range of surface structures exist?
The structure of the different Pt/Ni surfaces formed has been investigated extensively us-
ing a range of techniques. Pt surface segregation has been observed on bulk Pt/Ni alloys
by a number of groups using AES, X-ray photoelectron spectroscopy (XPS), ion scattering
spectroscopy (ISS) and LEED [179]. Gauthier et al.[96] showed that bulk Pt0.5Ni0.5 and
Pt0.78Ni0.22(111) crystals studied were Pt terminated. Using dynamical LEED they con-
cluded that the concentration of Pt in the top three layers oscillated, being highly enriched
in the topmost layer, depleted in the second and marginally increased in the third. These
findings contradicted the contemporary theoretical prediction that the surface would be
Ni terminated due to the lower heat of sublimation of Ni compared to Pt [180]. Abrikosov
et al.[75, 181] investigated the Pt/Ni system from first principals using DFT and proposed
two main trends: (1) Pt tends to enrich at the surface on account of its smaller surface
energy and larger atomic size and (2) the layers tend to order, resulting in alternating Pt
and Ni layers [181]. Gauthier et al. reported a high contrast LEED pattern and suggested
the topmost layers remained in good registry with the alloy substrate. In order for Pt to
remain in registry with the bulk, the surface Pt-Pt distance must be contracted relative
to that of bulk Pt. This contraction of the Pt-Pt bond length leads to an increased Pt-Pt
orbital overlap and has been interpreted as the origin of the enhanced catalytic properties
of Pt skin alloys compared to pure Pt [182, 183] (i.e. a geometric effect [170]). However,
Gauthier et al. argue that the catalytic activity of these alloys is correlated with the elec-
tronic properties of the Pt segregated layer sitting above a Ni-enriched underlayer (i.e. an
electronic effect). Photoemission of adsorbed xenon showed the workfunction of the Pt
enriched layer to be significantly lower than that on pure Pt(111), supporting Gauthier’s
suggestion that an electronic alloying effect governs the improved catalytic activity [179].
The pure Pt surface layer formed on top of bulk Pt/Ni alloy crystals can be mimicked
by dosing Pt onto a Ni(111) crystal. Preparing a pure Pt layer on top of Ni(111) has two
main advantages; firstly greater control over the surface structures created (discussed in
detail below) allowing comparisons to be drawn with the behaviour of both pure Pt and
Ni, as well as the Pt/Ni alloys. Secondly, creating a surface structure/alloy uses far less
Pt than a bulk Pt/Ni alloy, which, if the catalytic enhancement is maintained on the thin
layer of Pt on top of the cheaper Ni, is of industrial relevance. Moreover, whereas the bulk
alloys have a lattice parameter intermediate between Ni and Pt, dosing Pt on top of the Ni
surface may result in a highly compressed Pt layer, since Ni has a lattice parameter some
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11% smaller than Pt.
Since Pt and Ni are known to be fully miscible in the solid phase, two competing
tendencies come into play when annealing a Pt layer deposited on Ni(111): the tendency
of Pt to segregate to the surface versus its tendency to dissolve into the Ni forming an alloy
[184]. Barnard et al. used photoemission, LEED and AES to study the thermal evolution
of Pt films deposited on Ni(111) [178]. They showed that the first layer of Pt grew in a
layer-by-layer fashion, evidenced by a break in the AES curve [102], but the second or
subsequent layers grew by 3D island growth. The Pt orders on heating, with annealing
to high temperatures leading to interdiffusion and loss of Pt from the surface. Deckers
et al. [103] confirmed these results, reporting that pseudomorphic growth (i.e. with the
same in-plane lattice parameter as Ni) was promoted above 523 K, with alloying not found
below 623 K. At 723 K a metastable 50%-50% Pt/Ni surface alloy film was identified and
finally Pt was found to dissolve somewhat into the bulk of the Ni above 773 K [185] .
The identification of the first layer growth of Pt on Ni(111) as commensurate is a con-
tentious issue, not least because of the very large contraction (ca. 11%) this would imply
for the top Pt layer. This conclusion came from the observation that the LEED diffraction
spots of the first layer of Pt are indistinguishable from the underlying Ni(111) surface.
However, the second and subsequent layers appear to be incommensurate, with diffrac-
tion spots appearing just inside the Ni (1 × 1) positions, implying a lattice parameter
intermediate between that of Pt(111) and Ni(111). Annealing above 673 K produces an
alloyed layer, with a single set of LEED diffraction spots. This alloy layer has an average
lattice spacing slightly larger than Ni(111) due to the incorporation of Pt atoms into the
smaller Ni lattice. The recent SXRS study by Robach et al. confirms that the initial growth
mode is 2D wetting, followed by 3D growth of subsequent layers [184]. However, in con-
trast to the previous study’s assertion that the first Pt layer is commensurate, Robach et
al. find that there is an incommensurate component at all stages of growth. LEED studies
tend to overestimate the amount of commensurate Pt compared to SXRS, as the more dis-
ordered incommensurate portion is difficult to identify in LEED. Based on the SXRS data
Robach et al. quantify the amount of commensurate Pt to be only 0.3 Ni-ML at a total Pt
coverage of 1 ML. This means the Pt skin layer is less ordered than originally envisaged
as it is largely incommensurate with the underlying Ni(111). The Pt layer must contain a
range of Pt sites due to defects, resulting in an array of different chemical environments
for Pt atoms. Nevertheless, the presence of any pseudomorphic Pt is surprising given the
11.3% lattice mismatch between Pt and Ni. The average first layer Pt spacing was found
to be compressed 4.7% compared to the lateral bulk lattice spacing, and relaxes only very
slowly with increasing thickness, still being contracted by 2.3% after 8 ML of Pt is dosed.
The different Pt/Ni structures that can be formed can be summarised as follows [186].
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Three different types of Pt/Ni surface can be formed. Pt deposited at low temperature
and submonolayer coverages is organised into compressed 2D (111)-like islands, growing
layer-by-layer with 3D growth occurring after completion of the first monolayer. The
spacing of this first Pt layer is highly compressed compared to bulk Pt. Alloying does not
occur at room temperature [186], but is observed above 623 K. Annealing a Pt multilayer
at around 473 K [102] - 523 K [103, 185] produces a well ordered (incommensurate) Pt
“skin” layer, which has a topmost atomic layer of pure Pt and a lattice spacing that relaxes
only slowly towards the bulk value for thick layers (>10 ML). Finally, above ≈ 770 K
diffusion of Pt into the Ni crystal is fast and a surface alloy is formed with both Pt and
Ni atoms in the topmost atomic layer [103, 184]. This alloy layer has a lattice parameter
intermediate between Ni and Pt.
5.3.1.2 Preparing a Pt/skin layer and Pt/Ni alloy layer
Figure 5.1: LEED images of Pt dosed onto Ni(111). (a) LEED image from a 1 - 1.5 ML Pt
“skin” on Ni (111) annealed to 473-508 K, recorded at a beam energy of 96.1 eV.
The outer (1× 1) spots arise from the Ni(111) substrate with the inner spots coming
from the Pt layer. (b) Shows the same surface after annealing to 863 K in order to
create a mixed surface alloy (which leads to the disappearance of the inner Pt layer
diffraction spots), recorded at 96 eV.
Initially dosing a small amount of Pt lead to an overall degradation of the LEED pat-
tern, with Ni(111) spots becoming fainter coupled with an increase in the background
intensity. On increasing the Pt dose to 1 to 1.5 ML[102], with annealing (473 - 508 K),
the pattern sharpened, and spots just inside the Ni(111) (1 × 1) LEED pattern could be
observed, figure 5.1a. Dosing further Pt (to give a coverage in the region of 2 to 3 ML)
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resulted in a LEED pattern resembling a relatively diffuse Ni(111) (1 × 1) after annealing
to 473 - 508 K. When either of these Pt “skin” layers were annealed to ≈ 863 K the pattern
sharpened significantly, resulting in a (1 × 1) pattern and no additional spots, figure 5.1b.
As the surface is annealed Pt intermixes with the Ni, resulting in an alloy with a thickness
greater than the original Pt layer (Robach et al. found the alloy to be 2 to 3 layers thick
[184]). The incorporation of Pt and Ni into the same layer causes the Pt lattice param-
eter to decrease [184] explaining the disappearance of the inner LEED diffraction spot,
seen in figure 5.1a compared to 5.1b, and the slight broadening of the (1 × 1) pattern
in figure 5.1b. The floret of six satellite spots at coverages between 1.5 to 2 ML reported
by Barnard et al. [102] was not observed, suggesting that this pattern is formed by a
particular coverage and anneal temperature that creates some ordered growth phase or
superstructure.
5.3.2 Water TPD from Pt “skin” layers
Dosing Pt onto a Ni(111) substrate allows us to investigate the binding of water and
the reactivity of the three different surfaces in comparison to pure Ni(111) or Pt(111).
Keeping the water dose constant, figure 5.2 shows the water TPD data from Ni covered
with Pt as a function of the anneal temperature. The general trend observed is that with
increasing anneal temperature, and hence increased intermixing of Pt with Ni, the peak
desorption temperature drops and the peak shape approaches that from the clean Ni(111)
surface.
Focussing on the Pt skin surface initially, after water was dosed onto the Pt “skin”
surface (1 - 1.5 ML of Pt) at ≈ 123 K the subsequent TPD data was found to have two
distinct peaks. Initially a single peak appears at low coverage, growing as the coverage of
water is increased and saturating with a peak desorption temperature of 179 K, figure 5.3.
On increasing water exposure a secondary, lower temperature peak is observed, initially
growing at ≈ 157 K; this peak does not appear to saturate. The first, higher temperature
peak is referred to as the first layer, as it is due to the wetting of the metal substrate; the
second, lower temperature peak arises from multilayer water growth on top of the initial
layer of water.
It is useful at this juncture to briefly review how water bonds to both the clean
Ni(111) and Pt(111) surfaces. Water has been found to remain intact during adsorp-
tion/desorption on clean Ni(111)[132] or Pt(111) [187], however, coadsorbates, such as
oxygen, can be used to promote water dissocation [27, 29] and, in the case of Pt(111)
at least, formation of mixed OH/H2O layers[50]. On both surfaces water forms hydrogen
bonded wetting layers, with large, complex unit cells [51, 132]. Formation of these large,
rotated unit cell structures implies that water molecules do not adopt a single adsorption
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Figure 5.2: Water TPD (m/z = 18) from 1-1.5 ML Pt dosed onto Ni(111) after sequential an-
nealing, starting from 508 K up to 873 K. The water exposure was kept constant,
equivalent to one layer of water on Ni(111) adsorbed at 123 K. The shift in the peak
desorption temperature to lower temperature shows the effect of increasing Pt disso-
lution into the bulk Ni(111). The dashed line shows a water TPD peak from clean
Ni(111) for comparison. The heating rate was 0.8 Ks−1.
site on these metal surfaces, instead sacrificing a simple commensurate structure, where
water stays in registry with the underlying metal atom, in favour of optimising the den-
sity and lateral registry of the water layer. The energetic penalty for losing the favoured
atop adsorption site is compensated by the improved H-bonding network within the water
layer and the decrease in lateral strain [1, 132]. Water TPD traces from Ni(111) (see figure
5.3) and Pt(111) both show common low temperature leading edges, indicative of zero
order behaviour. This, coupled with no evidence of any high temperature features (above
the monolayer peak) due to partially dissociated structures, provides further evidence for
the water layer remaining intact. The conclusion of the TPD investigation is supported
by UPS and XPS data, which also provide evidence for water adsorbing molecularly on
Pt(111)[187].
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Figure 5.3: Desorption of different doses of water (m/z = 18) from a 1 - 1.5 ML Pt skin on
Ni(111), with H2O TPD data from clean Ni(111) (dashed lines) for comparison.
Water was adsorbed at 123 K and the heating rate used was 0.8 Ks−1.
Comparing the water TPD from Ni(111) to that from the 1-1.5 ML Pt skin serves to
highlight the distinct nature of this surface structure. The monolayer peak from the Pt
skin layer appears to be stabilised compared to that on Ni(111), with the peak desorption
temperature shifted 7 K higher than on the clean Ni(111), figure 5.3. The absolute amount
of water contained in the monolayer peak from the Pt skin is similar to that from Ni(111),
but the full width at half maximum (fwhm) of the TPD peak is a little over three times
wider than its Ni(111) counterpart. The TPD peak shape of water desorbing from the
Pt skin is quite different from the zero order peak from Ni(111), instead the desorption
traces share the same high temperature trailing edge. The multilayer peak desorbing from
the Pt skin appears in the same region as that from Ni(111), however, the leading edge is
marginally destabilised (by ≈ 1 K) compared to Ni(111) and the fwhm of the multilayer
peak from the Pt skin is practically double that from Ni(111).
Increasing the thickness of the Pt skin from 1 - 1.5 ML to 2 - 3 ML has little effect on the
peak desorption temperature of water, compared to the 1 - 1.5 ML layer, figure 5.4. The
coverage of water does, however, appear markedly lower, with the first layer saturating
at approximately 0.66 layers with respect to Ni(111). The fwhm of the monolayer peak
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Figure 5.4: Water TPD (m/z = 18) from a 2 - 3 ML Pt skin layer on Ni(111). The dashed line
shows water TPD from clean Ni(111) for comparison. Water was adsorbed at 123 K
and a heating rate of 0.8 Ks−1 was used.
on the thicker Pt layer is slightly broader than that from the 1 - 1.5 ML layer of Pt, 4.8
compared to 3.4 times broader than Ni(111) fwhm, respectively. The peak shape again
has a common high temperature edge and does not appear to be tending towards the zero
order peak shape of water desorption from a clean Pt(111) crystal [187]. Neither of these
Pt skin surfaces forms a water layer with enough long range order to give a discrete LEED
pattern. Instead the presence of water simply attenuates the LEED pattern arising from
the underlying surface.
In summary, water TPD from the Pt skin surface appears quite different from that
previously observed on Ni(111) or Pt(111), with even the thicker Pt skin layer behaving
quite differently to Pt(111). The monolayer peak shape is inconsistent with zero order
kinetics, as seen on both Ni(111) and Pt(111), instead the high temperature peak edges
are aligned. There are two possible interpretations of the aligned trailing edges, which
may be due either to a kinetic or a thermodynamic effect. The first possibility is that the
desorption process originates from a second order recombination, e.g. (OH + OH) or
(OH + H), leading to the alignment of the trailing edges as per the usual second order
kinetic behaviour. Alternatively the common trailing edge could result from a range of
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different adsorption sites with water preferentially occupying the most stable first and
then slowly covering the surface. From the data presented here these two possibilities
cannot immediately be distinguished, although the heterogeneous nature of the Pt skin
surface makes it likely the desorption profile simply represents the range of water binding
energies available. The peak desorption temperature of 179 K for the first water layer on
the Pt skin surface is higher than that for intact water desorbing from any of the other
close packed (111) surfaces reported in the literature [1], which poses the question, is
water intact or has it dissociated on this surface?
5.3.3 Intact water adsorption?
In order to investigate if water adsorbs/desorbs intact on the Pt skin surfaces, D2O was
dosed onto a 1-1.5 ML Pt skin, a 2-3 ML Pt skin and a (2-3 ML) Pt skin that had been an-
nealed to create a mixed Pt/Ni alloy. Both D2O (mass 20) and D2 (mass 4) were monitored
during TPD, see figures 5.5 and 5.6. The same experiment was also conducted on clean
Ni(111), where water does not dissociate, to provide a convenient point of reference. On
clean Ni(111) D2O was observed to desorb with no simultaneous evolution of D2, figure
5.5 a and b, confirming that D2O remains intact during adsorption/desorption, consis-
tent with the literature [27, 29, 132]. However, for both Pt skin layers, a D2 peak was
observed, figure 5.6 b,and d, indicating the spontaneous dissociation of D2O during ad-
sorption/desorption on the Pt skin surface, forming OD or O. A D2 peak was also observed
from the mixed Pt/Ni alloy, figure 5.6 f. All of the D2 peaks arising from the Pt skin and the
Pt/Ni alloy surfaces appear to be approximately second order, as their high temperature
trailing edges roughly coincide, consistent with second order D + D recombination kinet-
ics. Comparing the relative D2 peak sizes, figure 5.5 b, shows that the Pt/Ni alloy surface
is the most active toward D2O dissociation, followed by the 1-1.5 ML Pt skin, with the 2-3
ML Pt skin layer being the least active. The D2 TPD peaks remain essentially unaffected
by the number of preceding adsorption/desorption cycles, but the D2 TPD peaks change
dramatically. The D2 yield decreases as the number of D2O adsorption/desorption cycles
increases for all three surfaces, figure 5.6 b d and f. The observed change in the D2 TPD
peaks occurs because O(ads) accumulates on the surface and less D2O dissociation occurs
for second and subsequent water doses. It appears that as the concentration of O(ads) in-
creases on the surface it blocks the active sites, effectively poisoning the surface to water
dissociation. The sticking probability, surface coverage and the peak desorption temper-
ature of D2O, on all three of the Pt surface preparations are unaffected by this surface
passivation.
The key outcome of these findings is the spontaneous dissociation of D2O on all three
of the Pt/Ni surfaces studied. All of the surfaces desorb D2, as well as D2O, indicating the
95
5. Pt skin alloys on Ni(111)
Figure 5.5: D2O was dosed onto a 1-1.5 ML Pt skin, a 2-3 ML Pt skin and a mixed Pt/Ni alloy
(formed by annealing a Pt skin to≈ 873 K) at 123 K. D2O was also dosed onto clean
Ni(111) to provide a point of reference. (a) Shows the subsequent D2O TPD data
(m/z = 20), compared to Ni(111) (dashed line), (b) shows the corresponding D2 TPD
peaks (m/z = 4) evolved during dissociation of D2O on the surface. Note the dashed
line, showing no D2 arising from the clean Ni(111) sample. The heating rate used
for D2O TPD was 0.8 Ks−1, for D2 TPD it was increased to 1.5 Ks−1.
retention of O(ads). This behaviour is in stark contrast to the behaviour of water on both
the Ni(111) and Pt(111) surfaces where water does not spontaneously dissociate. Even
the 2-3 ML Pt skin surface, which must have a higher step density than the 1-1.5 ML Pt
skin layer due to 3D growth, does not resemble the reactivity of a stepped Pt surface. Van
der Niet et al.[188] showed stepped Pt surfaces are inactive towards water dissociation
[147, 188], yet the 2-3 ML Pt skin evidently promotes dissociation (although not as much
as the single layer Pt). The electronic effect of the underlying Ni(111) [189] could account
for this observation, as steps on the 2-3 ML Pt skin are unlikely to behave in the same
manner as steps on bulk Pt.
5.3.4 The effect of co-dosing oxygen and water
Exploring how strongly O(ads) and OH(ads) interact with adsorbed water is important in
understanding and hence exploiting the electrochemical applications of Pt skin alloys.
The interaction and bonding orientation of water on an oxygen covered Ni(111) surface
has been previously studied using a combination of SXRD and infrared absorption spec-
troscopy (IRAS) by Nakamura and Ito [28, 190]. The (2 × 2) O covered Ni(111) was
exposed to water at 25 and 140 K. At low temperature they suggest water adsorbs in a dis-
ordered three fold arrangement around the chemisorbed O atoms. IRAS shows evidence
of hydrogen bonded OD and free OD stretches present in the low temperature regime.
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Figure 5.6: Expanding figure 5.5, the full TPD sets for the D2O TPDs (m/z = 20) and corre-
sponding D2 (m/z = 4) traces for a 1-1.5 ML Pt skin (a and b), a 2-3 ML Pt skin
(c and d), and a mixed Pt/Ni alloy, formed by annealing a Pt skin to ≈ 873 K, (e
and f). D2O was dosed at 123 K, all D2O coverages are reported with respect to the
saturation coverage of D2O on Ni(111). The numbers alongside the figure legends
give the order in which the experiments were performed. The heating rate used for
D2O TPD was 0.8 Ks−1, for D2 TPD it was 1.5 Ks−1. D2 peaks are cut off at 420
K to avoid exceeding the anneal temperature used when initially forming the Pt skin
layer.
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Nakamura and Ito interpreted this data in terms of the O of the water molecule being
positioned above the three fold hollow site, forming a H-bond to the chemisorbed O, with
the other D left pointing out from the surface. After increasing the surface temperature
to 140 K the water is found to adsorb in a flat geometry atop Ni, with the O-Ni distance
deceasing to 2.24 A˚. The water TPD peak for the first layer was found to be stabilised by
6 K compared to water on the oxygen free Ni(111) surface [191]. This stabilisation is
attributed to the increased bond energy of water H-bonding to the O(ads). In contrast, O
on Pt(111) reacts with water to form a mixed OH/H2O layer with O atop the Pt [187].
This mixed H2O+OH phase forms in preference to dissociation to OH+H on Pt(111) as
no evidence for adsorbed hydrogen has been found [192] (this is unlike the Pt/Ni skin
structures studied above, see figure 5.6, which desorb D2). The OH groups stabilise the
water layer, pinning it into registry with the Pt(111) substrate, and resulting in a water
TPD peak ≈ 38 K higher than that from an intact ice film [50]. The mixed OH/H2O phase
is observed over a range of coverages but is most stable in the ratio 3 H2O (ads): 1 O(ads),
which allows the layer to form a complete, proton ordered, hydrogen bond network [50].
In order to compare the pure metals with the Pt/Ni layers, oxygen was dosed via
a molecular beam, see chapter 2 section 2.3.1 for further details, allowing the oxygen
uptakes on Ni(111), 1-1.5 ML Pt skin and 2-3 ML Pt skin to be compared. No addi-
tional LEED spots appeared after oxygen was dosed on the Pt skin surfaces, but oxygen on
Ni(111) formed a (2 × 2) LEED pattern (see Appendix A). The oxygen uptakes on both Pt
skin preparations and Ni(111) were measured using the King and Wells technique [4] (as
described in section 2.3.1). Oxygen adsorption on all three surfaces initially had a high
sticking probability, which decreases as the surface saturates with oxygen. Following this
initial uptake slow oxygen adsorption appears to persist indefinitely. Initially the 1-1.5
ML Pt skin has a higher sticking probability than Ni(111), but as it reaches saturation
the sticking probability becomes lower than that observed on Ni(111). The 2-3 ML Pt
skin behaves similarly to the 1-1.5 ML Pt surface, but it has an initial sticking probability
closer to that of Ni(111). Both of the Pt skin surfaces appear to saturate with O before
Ni(111), with the 2-3 ML Pt skin layer adsorbing the least oxygen of the three surfaces
studied. As none of these surfaces appear to saturate completely, but continue to adsorb
a small fraction of the oxygen beam indefinitely, quantifying the amount of oxygen dosed
is problematic. Oxygen is known to adsorb dissociatively on Ni(111), forming an ordered
adsorbate layer with p(2 × 2) symmetry at a coverage of 0.25 ML; at higher exposures a
(
√
3×√3)R30◦ structure is observed at 0.33 ML accompanied by a decrease in the sticking
coefficient [193]. The oxygen uptake necessary to form the p(2 × 2) layer on Ni(111) can
thus be used to quantify the amount of oxygen adsorbed by the Pt skin layers. Comparing
the oxygen uptakes allows the amount of oxygen on the Pt skin surface to be estimated,
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giving the coverages reported in the following figure captions.
Figure 5.7: Water TPD (m/z = 18) peaks from the oxygen pre-covered 1-1.5 ML Pt skin (a) and
Ni(111) (b) surfaces. The dashed line on figure (a) is a water TPD peak from oxygen
on Ni(111) overlaid to enable direct comparison. The 1-1.5 ML Pt/Ni surface had an
oxygen coverage of 0.12 ML. The Ni(111) surface had an oxygen coverage of 0.15
ML. The coverage of water is given in the figure legends. Oxygen was dosed at 100
K and flashed to ≈ 240 K prior to water adsorption. Water was dosed at 123 K, the
heating rate used was 0.8 Ks−1.
Water was subsequently dosed on the oxygen covered surfaces at approximately 123
K. The resulting TPDs are shown in figure 5.7, with TPD data for oxygen on Ni(111) in
figure 5.7b, for comparison. As reported in the literature [27, 29] water co-adsorbed with
oxygen on clean Ni (111) results in the appearance of three distinct TPD peaks [29], seen
here at 158, 163 and 180 K, with a low, broad, high temperature peak at 200 -230 K
(this is more evident in figures 5.10 and 5.11). Although water and oxygen on Ni(111)
do not form well ordered mixed OH/H2O phases, such as the type seen on Pt(111), it
is clear that oxygen does stabilise the adsorption of water through H-bonding, however
limited formation of OH species cannot be ruled out [1, 29]. Pache et al. ascribed these
three sharp TPD peaks to a chemisorbed water bilayer, a transition layer and condensed
water, with the broad high temperature peak being described as due to intact, flat lying
water molecules in the first layer H-bonding to chemisorbed O [29]. However, in the
light of more recent experiments [132] calling into question the validity of the bilayer
model as an accurate description of the water layers structure on fcc metal substrates
[1, 54], the interpretation of these peaks needs reappraisal. Wipperman and Schmidt
suggest the peaks be reassigned as flat monomer adsorption at low coverage with cluster
formation on top of the O covered surface at higher coverage [194], with the low broad,
high temperature peak possibly due to the formation of a small amount of OH [191]. The
possible formation of OH, and the interaction of oxygen and water on Ni(111) is revisited
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later.
Figure 5.8: A series of water TPD experiments (m/z = 18) showing the effect of increasing the
amount of pre-dosed oxygen (from 0.08 to 0.15 ML) onto a 1-1.5 ML Pt skin layer.
The dashed line shows a representative TPD from the clean (no oxygen dosed) 1-1.5
ML Pt skin surface. Oxygen was dosed at 100 K and flashed to ≈ 240 K prior to
water adsorption.The exposure of water was kept constant, equivalent to one layer
on clean Ni(111) dosed at 123 K. The heating rate was 0.8 Ks−1.
The water TPD peaks from the oxygen pre-dosed 1-1.5 ML Pt skin layer do not alter
significantly with respect to the non-oxygen dosed surface, figure 5.8. The desorption
peaks retain the same high T edge, as seen previously for the pure water TPDs (section
2.3.2), but broaden to lower temperatures with no evidence for any higher temperature
OH peak. Increasing the coverage of pre-dosed oxygen from 0.08 ML up to 0.15 ML has
little additional effect on the TPD peaks. Comparing the 1-1.5 ML to the 2-3 ML Pt skin
surfaces, figure 5.9, we find that the TPD peaks display a slight broadening to higher
temperature compared to the 1-1.5 ML Pt skin. Figure 5.10 clearly shows neither Pt skin
surface has a high temperature water peak (appearing between 200 - 230 K) as seen
on the oxygen dosed Ni(111) surface. The presence of pre-dosed oxygen on the Pt skin
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surfaces does not have a stabilising effect on the water layer. From this data we are unable
to ascertain if just O(ads) or OH(ads) species are present on the surface in the presence of
adsorbed water. Further experiments are necessary to provide direct evidence that pre-
dosed oxygen reacts with the water layer. In order to investigate the role of oxygen,
isotopic exchange was measured to monitor if 16O exchanged with H182 O on the surface.
The surface was exposed to oxygen (16O2) as before, then dosed with isotopically labelled
water (H182 O). The masses 18 (H
16
2 O) and 20 (H
18
2 O) were subsequently monitored during
TPD to record any reaction. The degree of exchange (termed α) was defined relative to
the clean Ni(111) surface, (see Appendix B).
Figure 5.9: Water TPD (m/z = 18) from oxygen pre-dosed 1-1.5 ML Pt skin (dashed lines) and
2-3 ML Pt skin (solid lines) surfaces. Both Pt surfaces were pre-dosed with 0.14-0.15
ML of oxygen (dosed at 100 K and flashed to ≈ 240 K) prior to water adsorption.
The water exposures used were equivalent to saturation and 0.75 layers of water on
Ni(111), dosed at 123 K. The TPD peaks from the 2-3 ML Pt layer are broadened
with respect to the 1-1.5 ML Pt skin, and also appear to be shifted to slightly higher
temperature. The heating rate used was 0.8 Ks−1.
As mentioned previously, controversy exists regarding the formation of OH on the
O+H2O Ni(111) surface. Shan et al.’s recent paper identifies the formation of hydroxyl
species on Ni(111) when co-adsorbed water and oxygen were annealed above 170 K
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Figure 5.10: A comparison of water TPD (m/z = 18) from both the oxygen pre-dosed 1-1.5 and
2-3 ML Pt skin layers compared to oxygen pre-dosed Ni(111) and clean Ni(111)
(dashed line). The coverage of oxygen was 0.15 ML, 0.14 ML and 0.15 ML respec-
tively (oxygen was dosed at 100 K and flashed to≈ 240 K prior to water adsorption).
The data clearly highlights that no high temperature peak is found on either of the
Pt skin layers or the clean Ni(111) surface. The heating rate used was 0.8 Ks−1.
[191]. The high temperature tail to the TPD peak, occurring between 180-240 K, has been
previously interpreted as due to water molecules directly chemisorbed to the Ni(111) sur-
face or the recombination of OH groups proceeding at high temperature. Shan et al. use
HREELS to positively identify the presence of OH, the unaltered O-H stretching frequency
and peak width on co-adsorption of water suggesting that OH is not involved in a H-
bonding network. They do not report any H(ads) created and give several options to what
may happen; it may desorb promptly, recombine with OH(ads) to form H2O, recombine
with O(ads) to form OH or desorb as H2 at higher temperature. In the study conducted
here, an O+D2O layer on Ni was annealed to 473 K and no D2 desorption was observed,
so the suggestion that H(ads) may desorb as H2 at higher temperature can be eliminated.
Shan et al. go on to suggest that the lack of H-bond formation between the OH and water
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molecules is consistent with the theoretical prediction that OH is bound almost vertically
to the surface, hindering incorporation into a H-bonded network [191].
Figure 5.11: Isotopic exchange on Ni(111) upon dosing H182 O without oxygen on the surface (a)
(dashed lines), with 0.13 ML 16O on the surface (b), and lastly with 0.21 ML 16O
on the surface (c). The dose of H182 O was kept constant at equivalent to one layer
on clean Ni(111). The data plotted shows the mass spectrometer signal for mass=20
(representing the unreacted H182 O desorbing from the surface) plotted alongside the
mass=18 (H162 O) signal. H
16
2 O arises from the isotopic exchange between water
(H182 O) and pre-dosed oxygen (
16O) on the Ni(111) surface, once the background
(arising from exchange on the chamber walls, contamination in the H182 O sample
and ion exchange effects in the mass spectrometer) has been accounted for (see set
(a)).
In figure 5.11 the different proportions of H182 O (mass 20) versus H
16
2 O (mass 18)
desorbing from a clean and oxygen pre-covered Ni(111) surface after dosing H182 O, are
presented. There is no evidence of a high temperature desorption peak in either the
mass 18 or 20 signals arising from the clean Ni(111) surface. A small increase in the
high temperature tail is observed after pre-dosing the surface with 0.13 ML of oxygen,
however, the first layer peak desorption temperature is virtually unaltered with respect to
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the clean surface. Increasing the pre-coverage of oxygen from 0.13 ML to 0.21 ML has
a dramatic effect on both the high temperature tail and the first layer peak desorption
temperature. The first layer peak desorption temperature increases by approximately 6-7
K with respect to clean Ni(111), with the high temperature tail appearing larger (relative
to the first layer peak). It is readily apparent from figure 5.11, that a higher degree of
isotopic exchange is occurring on the oxygen pre-covered surfaces than on clean Ni(111).
This demonstrates a reaction between co-dosed water and oxygen occurs, consistent with
Shan et al.’s identification of OH on this surface.
In brief, isotopic exchange experiments show that pre-adsorbed oxygen on Ni(111)
does react with water to form OH groups. On annealing the 16O +H182 O covered surface
OH species are created. The vertical orientation adopted by the hydroxyl groups prohibits
their participation in the H-bonding network [1, 191]. Intact water desorbs first creat-
ing the lower temperature TPD peak. The OH fragments recombine at high temperature
(above 170 K) [191] forming water which immediately desorbs at elevated temperature,
leading to the high temperature TPD peak observed.
Returning our attention to the Pt skin surfaces, isotopic scrambling due to the reaction
between chemisorbed 16O and H182 O was also found to occur on the Pt/Ni skin surfaces,
figure 5.12. The isotopic exchange observed on Pt skin layers is facile, giving rise to
an approximately statistical mixture of H182 O and H
16
2 O. This is similar to the behaviour
seen on oxygen covered Ni(111), however, there is no evidence for a high temperature
hydroxyl peak as there is on Ni(111), figure 5.10 and 5.11. This data proves O(ads) is
able to react with water on the Pt skin and suggests that hydroxyl groups are found on
this surface, reaction occurring via 16O + H182 O A
16OH + 18OH and subsequent 16OH
recombination. Direct reaction 16O + H182 O A
18O + H162 O involving exchange of two
H’s seems unfeasible. A further experiment using XPS (or possibly HREELS as Shan et al.
used [191]) would be necessary in order to determine the proportion of O(ads) or OH(ads)
present on the water covered surface. Nonetheless, considering the Pt/Ni system has been
proven to be an effective catalyst for the ORR reaction it seems likely that OH(ads) is the
primary species co-existing with water, rather than an unprotonated O(ads) on the surface.
In summary, both the 1-1.5 ML and 2-3 ML Pt skins adsorb less oxygen than Ni(111).
The effect of pre-dosing oxygen on the Pt skin surfaces prior to water adsorption is mini-
mal. This is unlike the co-adsorption of oxygen and water onto either Pt(111) or Ni(111)
which has been found to have a marked impact on the appearance and position of the
resulting TPD peaks. The peaks from these surfaces are shifted to higher temperature,
oxygen increasing the stabilisation of the water layer either through direct H-bonding (on
Ni(111)) or creation of hydroxyl species (on Pt(111)). In contrast, on the Pt skin surfaces
the TPD peaks are not shifted to noticeably higher temperatures, nor does oxygen appear
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Figure 5.12: Water TPD peaks showing the amount of isotopic exchange occurring on oxygen
(16O) pre-dosed 1-1.5 ML (dashed lines) and 2-3 ML (solid lines) Pt skin surfaces
on dosing H182 O. The exposure of H
18
2 O was equivalent to 0.25 layers (in the case
of the 1-1.5 ML Pt skin) and one layer (2-3 ML Pt skin) on clean Ni(111). The data
plotted shows the mass spectrometer signal for mass = 20 (representing the H182 O
desorbing from the surface) plotted alongside the mass = 18 (H162 O). H
16
2 O level
arises from the isotopic exchange between water (H182 O) and pre-dosed oxygen
(16O) on the Pt skin surfaces.
to behave as a site blocker to water adsorption. Setting the findings of this section in con-
text of the chapter, it appears that water dissociates readily on the clean Pt skin (and Pt
alloy) surfaces gradually accumulating O(ads) with each sequential water dose. The build
up of O(ads) does not have a blocking effect on subsequent water doses or effect the D2O
TPD peaks, however, it does appear to eventually hinder dissociation. When Pt skin sur-
faces are pre-covered with oxygen, water adsorption is not blocked and the observation
of isotopic scrambling proves water reacts with the adsorbed oxygen. Water TPD data
shows that pre-dosing the Pt skin surfaces with oxygen does not provide any additional
stabilisation over that gained by water dissociation.
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5.4 Discussion
The results presented above show that a thin Pt film can be grown on a Ni(111) substrate
with sufficient long range order to produce a LEED pattern (in accordance with the liter-
ature). This Pt layer has been shown to promote the dissociation of water, most probably
forming hydroxyl even without the presence of pre-adsorbed oxygen. In this way the reac-
tivity of the Pt/Ni surfaces are quite distinct from either Pt(111) or Ni(111) surfaces. Both
the Pt skin and Pt alloy surface structures induce desorption of D2 from D2O dosed onto
the surface, leading to the accumulation of surface O(ads). The accumulation of oxygen on
the surface does not affect the subsequent sticking probability of water, nor the tempera-
ture of the water desorption peak. Pre-dosing the surface with oxygen prior to exposing
the surface with water has little effect on the resultant TPD peak. There is no evidence
of an additional high temperature TPD peak (or even high temperature tail) arising from
a co-dosed oxygen and water surface. This lack of any separate TPD peak is consistent
with the simultaneous desorption of molecular water alongside water formed from the
recombination of OH species (2 OH −⇀↽ H2O + O) . However, the reactivity of the Pt skin
layers do not even resemble that of stepped Pt surfaces, such as Pt(533), which do not
induce water dissociation [147, 188, 195].
These experimental results provide new insights into the reactivity and chemical na-
ture of the Pt/Ni alloy surface. A full understanding of the fundamental processes gov-
erning the enhanced ORR activity of Pt/Ni surfaces is still needed and no single underly-
ing factor governing the enhanced catalytic behaviour of the Pt/Ni system over its pure
Pt(111) counterpart is yet identified. However, reviewing the previously published in-
vestigations reveals that four main factors have been proposed as possible candidates re-
sponsible for the catalytic enhancement; (1) surface strain, (2) the electronic effect from
alloying, (3) the binding energy of oxygen and lastly, (4) the binding energy of OH.
1. Surface Strain
Mavrikakis et al.[66] suggest a general approach to tailoring the catalytic activity of
metals can be achieved by manipulating the surface strain. It was established that
strain alters the d band position, inducing a shift either towards (tensile stress) or
away (compressive stress) from the Fermi level [66, 196]. Even a small change in
the lattice spacing has a significant influence on the electronic structure and thereby
the reactivity. Strasser et al. [170] focussed on the Pt/Cu alloy system and, using
anomalous X-ray diffraction (AXRD), found that the Pt rich outer “shell” exhibits
compressive strain. The reduced Pt-Pt interatomic distance (compared to bulk Pt
bulk spacing) leads to a broadening of the d-band, due to the increased degree
of electronic overlap caused by the shorter inter-metal spacing. This compressive
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strain leads to an enhancement of the ORR, as the binding energies of the inter-
mediate oxygenated adsorbates are reduced, lowering the activation energy barriers
to proton and electron transfer processes. These findings are also supported by the
investigation by Yang et al. [197].
This approach to explaining the activity of metal surfaces in terms of strain can also
be applied to the Pt/Ni system. Consider the data presented in figures 5.5 and 5.6,
where the surfaces in order of highest to lowest reactivity with respect to water
dissociation are; Pt/Ni alloy >Pt skin 1-1.5 ML layer >Pt skin 2-3 ML layer. If we
just focus on the Pt skin surfaces the 1-1.5 ML Pt skin is the most strained surface,
(compressively strained), as the Pt grows at least partially pseudomorphically on the
smaller Ni lattice [102, 103, 178, 184]. On completion of this first, compressed layer
of Pt, 3D islands nucleate and grow as the coverage of Pt is increased towards 2-3
ML. Each subsequent layer of Pt (after the first layer) is able to relax incrementally
towards the optimal Pt lattice spacing [184]. This slight relaxation towards the
optimal Pt spacing, results in the 2-3 ML Pt skin being marginally less strained than
the 1-1.5 ML skin, and thus correspondingly less active towards the dissociation
of water. The Pt/Ni alloy is chemically distinct from the Pt skin layers due to the
presence of Ni at the surface so directly comparing it to the strained Pt skin layers is
inappropriate.
However, applying the general principle, proposed by Mavrikakis et al., that the sur-
face reactivity of a metal increases with lattice expansion (due to the concurrent
upward shift of the d-band towards the Fermi level) does not work in the case of the
ORR reaction on Pt/Ni. Applying this principle to a Pt layer grown on Ni(111) one
would expect the surface to be less reactive than Pt(111), as it is compressed. Ex-
perimentally the opposite effect has been shown [72], highlighting the inadequacy
of this naive approach. The flaw in trying to generalise the effect of strain is that
although a lattice expansion may bring the d-bands closer to the Fermi level a great
many more factors must be considered to judge the reactivity. For example Pt can be
said to “over bind” oxygen [171] slowing the rate of the ORR process, so modifying
the Pt’s surface strain in order to raise the d-bands even closer to the Fermi level
would only exacerbate this problem, not improve the reactivity.
2. Electronic effect
Using the concept of strain as a unifying principle to account for the catalytic prop-
erties [170] of a metal surface, appears somewhat inadequate. The experimental in-
vestigations of Yang and Strasser [170, 197], referred to previously, were conducted
on what they term a “dealloyed” Pt surface, where the Cu atoms had been selectively
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removed from the mixed Pt-Cu alloy, to leave the surface Pt enriched. (This type of
surface would be referred to as a “Pt-skeleton” in the work of Stamenkovic´ et al.).
Removing Cu from the surface is likely to lead to roughening, also the concentration
profile of Pt will not oscillate as seen for annealed Pt segregated alloys [96]. There
was no evidence for increased roughening of the Pt enriched surface of the Pt/Cu
nanoparticles studied, possibly due to their size. Therefore, due to the different mor-
phology of their experimental surfaces, compared to the Pt skin or Pt surface alloy,
any direct comparison must be treated with caution. Instead, Rodriguez et al. [198]
suggest that although the structural geometry of the system is important to the reac-
tivity of the surface, the electronic effect is paramount. They find that a metal atom,
supported on the matrix of a dissimilar metal is electronically perturbed, with this
perturbation altering the chemical behaviour of both constituents. The formation
of a surface metal-metal bond produces a flow of electron density towards the ele-
ment with the larger fraction of empty valence band states [198]. Similarly, Ma and
Balbuena’s DFT study of Pt3M alloys, finds the maximum deviation from the bulk
bond lengths at the Pt segregated surface to be so marginal that the electronic effect
must be the main factor for the enhanced ORR activity [199]. Continuing this theme
of the importance of the electronic effect, Khan et al. [189] found a monolayer of
Ni/Pt(111) and Pt/Ni(111) have similar activities for the decomposition of ethylene
and the self-hydrogenation of cyclohexene reactions. This would suggest that the
electronic effect is more important than the geometric effect, as Ni growing on Pt
has a strain opposite to that of Pt growing on Ni(111), due to the relative spacings
of Pt (2.77 A˚) and Ni (2.49 A˚)[189].
3. Binding energy of oxygen
Having established that considering surface strain in isolation is insufficient to ac-
count for the ORR enhancement observed, we must consider the electronic effect
on the binding energies of adsorbates and intermediates. Controversy still exists
regarding which species is responsible for the improved ORR activity and whether
an increased or decreased binding energy is favourable. One approach taken is to
consider the reactivity of the alloy in terms of the binding energy of oxygen. Sta-
menkovic´ et al. attribute the binding strength of oxygen to be the rate limiting
factor determining the catalytic activity [200, 201]. They firstly identified the frac-
tional coverage of OH(ads) on the Pt3Ni(111) alloy (with a Pt skin) to be lower than
that on Pt(111) [201]. They judged the lower OH(ads) coverage on the Pt skin to be
responsible for the enhanced catalytic activity observed, caused by its site blocking
effect in preventing O2 adsorption on Pt(111). They support a reaction pathway
which proceeds via an H2O2(ads) intermediate, where the rate determining step is
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the first electron transfer to adsorbed oxygen [201]. Pt(111) binds oxygen strongly,
limiting its reaction rate, whereas on Pt-skin surfaces the d-band is shifted away
from the Fermi level, reducing the binding strength of O(ads).
Jacob et al. [26] directly oppose Stamenkovic´ et al.’s model that if a surface binds
oxygen too strongly the reaction rate is limited by surface oxide removal, whereas,
if it binds too weakly, transport of e− and protons to the adsorbed oxygen limit the
rate [200]. Instead, Jacob et al. [26] suggest that the enhanced catalytic perfor-
mance of the Pt/Ni(111) alloy is due to oxygen binding more tightly to the alloy
than to Pt(111). They reason that the strongly adsorbed oxygen renders the Pt
atoms more positively charged, making a proton from the electrolyte more likely to
attach to the adsorbed oxygen, rather than adsorbing directly onto the Pt/Ni(111)
surface. (Somewhat contentiously their calculations do not find the surface to be Pt
segregated. This differs from both the experimental findings and the majority of the
theoretical studies, and must throw the validity of their models into some doubt).
4. Binding energy of OH
As highlighted by the electrochemical studies of Stamenkovic´ et al. [70, 72, 200,
201], whether OH(ads) is simply a spectator species or an active participant in the
ORR is disputed [72, 176]. If OH(ads) is a spectator species and strongly adsorbs
to the surface, preventing the adsorption of active species, then the ORR will be
retarded. However, if OH(ads) is involved in the reaction a moderate OH(ads) bind-
ing energy is desirable. Noting that OH has previously been regarded as a surface
“poison”, blocking surface sites from the O2 reactant, Rossmeisl et al. re-evaluated
the role of OH. Based on a careful analysis of cyclic-voltammetry data, they point
out that lack of a one-to-one correlation between the ORR current density and OH
coverage raises doubts as to whether OH is merely a site blocker [176]. Instead,
Rossmeisl et al. [176] suggest the higher activity of Pt3Ni(111) results from the
better compromise between the bond strength of the OOH and OH intermediates,
rather than simply due to the oxygen bond strength. This conclusion suggests earlier
work [171], which described the enhanced catalytic activity solely in terms of the
binding strength of oxygen, overlooked the role of OH bond strength.
· Modelling mixed O/water layers
The interest in these alloys is stimulated by their possible use as electrodes, hence
their function in aqueous environments requires scrutiny. To achieve this, a number
of groups have employed DFT to evaluate theoretically different models for mixed
OH/H2O layers. Rossmeisl et al. based their mixed OH/water structure on an ice-
like water-hydroxyl layer [50, 176, 202]. They created two models, one containing
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1/3 ML OH to 1/3 ML H2O, the other comprising 4/9 ML OH to 2/9 ML H2O. As the pro-
portion of OH groups was increased from 1/3 ML to 4/9 ML L-type Bjerrum [150, 203]
defects are formed, having the O atoms of hydroxyl groups as nearest neighbours.
Their calculations show that OH coverages greater than a 1/3 ML are energetically
unfavourable. This finding is perhaps unsurprising as incorporating more OH species
into the layer and thus creating Bjerrum defects is energetically unfavourable, due
to the increased strain and repulsive interactions. The presence of Bjerrum defects
limits the extent of the hydrogen bonding network, which diminishes the energetic
stability of the layer. They use this drop in stability as the reason to limit the OH
coverage to 1/3 ML in their calculations.
Kalberg [204] instead opted to use a bilayer-like water structure for both OH/H2O
and pure H2O layers. (This is despite previous research establishing the bilayer as an
unrealistic description of the structure adopted by water on Pt(111) [1, 51]). Karl-
berg found intact water layers to be more stable than partially dissociated ones on
Pt, in agreement with experimental evidence [1], and that Pt skins prevented disso-
ciation of water on all surfaces (Ru, Rh, Ir, Pd, Pt, Ag and Au) studied. Hirunsit and
Balbuena instead focussed on water binding to the related Pt-skin, Pt/Co surface,
finding the water/surface interaction to be much weaker than that on Pt(111) [205].
They subsequently examined a mixed O/H2O layer and found significantly weaker
O binding energies on the Pt-skin than on bulk terminated PtCo(111) and Pt(111).
The binding energy of oxygen on the Pt-skin was found to be reduced further by wa-
ter co-adsorption [206]. They also found water was not prone to dissociation on the
Pt-skin surface, even under an applied electric field ranging from -0.15 to 0.15 V/A˚.
The theoretical approaches all make assumptions in order to create their models.
In particular, as indicated above, their choice of water structure may be somewhat
oversimplified. Robach et al.’s SXRD study [184] identifies another possible flaw
with the theoretical models, aside from the water structures chosen. They find the
amount of Pt growing pseudomorphically to be far lower than previously thought,
at most 0.3 ML of a 1 ML coverage. Accordingly, any theoretical model based on
a layer of Pt atoms with the lattice spacing of bulk Ni(111) or Pt(111) provides an
inadequate description of the real Pt layer. Pt adatoms were also found to not fit
any single adsorption site model, a mixture of hcp and fcc sites were necessary to
account for the data recorded, adding a further challenge to accurately modelling
the surface.
The failure to definitively identify, either theoretically or experimentally, whether
OH is a spectator or an active species in the ORR hinders a complete understanding
of the surface processes occurring, however, it neither prevents the development of
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more efficient catalysts nor the development of models suggesting new avenues of
research. For example, Nørskov et al. [171] find a roughly linear correlation be-
tween the bond strength of O and OH species on elemental metal surfaces. Creating
surfaces, namely alloys, where this correlation is broken provides a route to produc-
ing new catalysts. Clearly the binding of both O and OH is crucial in determining
the overall catalytic activity of a surface, regardless of their specific roles in the ORR.
Hence, whether a surface promotes the dissociation of water, or not, is likely to have
a significant effect on the observed catalytic performance.
· Comparing Pt/Ni to experiments on Pt/Co
The related Pt/Co system is similarly Pt terminated and has an enhanced ORR ac-
tivity with respect to both Pt(111) and the Pt/Ni alloy [72]. Comparing an experi-
mental investigation of the Pt/Co system to the Pt/Ni findings may give an insight
into how the ORR activity is improved on these alloys. One intriguing experimental
finding noted by Stamenkovic´ et al. [70], after rinsing a bulk Pt/Co alloy with water,
was the presence of a significant amount of oxygen at 518 eV in the AES spectra.
The AES oxygen peak was unchanged as the sample was annealed to 420 K, leading
Stamenkovic´ et al. to exclude the possibility of the peak being due to strongly bound
water molecules. As no oxygen AES peak was found after rinsing a Pt sample with
water, the peak found on the alloy was attributed to Co-oxide formation. However,
these observations may be open to an alternative interpretation; either or both Pt
and Co could be oxidised (as Pt within an alloy behaves differently to a bulk Pt
sample), the alloy could have become contaminated or, as observed here on Pt/Ni,
it could be promoting the dissociation of water. The first suggestion is difficult to
eliminate, but the experimental conditions appear somewhat mild for the rapid for-
mation of an oxide. Contamination of the Pt/Co alloy appears unlikely, as the same
experimental procedures were used for the Pt sample, which remained oxygen free.
This leaves the last possibility, that Pt/Co is promoting the dissociation of water. As
shown previously in this work, the Pt/Ni(111) surface has been found to dissociate
water, figure 5.6. If the retention of oxygen from the dissociation of water occurs on
the Pt/Co surface as it does on Pt/Ni, the oxygen AES peak would remain unchanged
on annealing, in line with observations of Stamenkovic´ et al.
Both Pt/Co and Pt/Ni alloys tend to be surface segregated, with a pure Pt outer-
most layer and have been found to have a catalytic efficiency far exceeding that of
Pt(111) [72, 201]. The identification of the spontaneous dissociation of water on
the Pt/Ni(111) surface leads to the question of how this affects the adsorption of
oxygen. The retention of oxygen on the Pt/Ni surface does not appear to affect the
sticking probability of successive water doses, although it does appear to passivate
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the surface somewhat with respect to dissociation, figure 5.6. Consequently oxygen
does not seem to be acting simply as a site blocker, nor does it appear to be bonding
strongly to the water in order to stabilise it. The findings of Hirunsit and Balbuena’s
study of co-adsorbed O and water on Pt/Co appear to be in agreement with this.
They find that in the presence of oxygen the intermolecular water H-bonds were
weakened and that the water-surface distance was increased [206]. It appears that
co-adsorbed oxygen does not provide a great degree of stabilisation to water on Pt
skin surfaces, as it does on Pt(111).
5.5 Conclusion
A layer of Pt, with sufficient long range order to give a LEED pattern, was grown on
a Ni(111) substrate. Increasing the anneal temperature of the sample led to alloying
and eventual dissolution of Pt into the bulk of the Ni(111). This decrease of surface Pt
was observed in the water TPD data, which approached that of Ni(111) with continued
annealing. Water dosed onto a Pt skin surface (either 1-1.5 ML or 2-3 ML of Pt) or Pt/Ni
alloy was found to have insufficient order to give a LEED pattern. The peak desorption
temperature of the saturation TPD peak from water on the Pt skin surface was stabilised
by 7 K with respect to Ni(111). This desorption temperature is higher than that of intact
water desorbing from any close packed (111) metal surface yet studied. The TPD peak
shape was also inconsistent with the zero order kinetics observed on both Ni(111) and
Pt(111). The electronic effect of the Ni(111) substrate on the Pt skin dramatically alters
the reactivity of the surface, thus accounting for the dissimilarity to the behaviour of pure
Ni or Pt(111). We find that water dissociates to O/OD/D2O on all the Pt/Ni surfaces
studied here. We cannot directly determine the proportion of O(ads) or OH(ads) species
created on dissociation. This finding is in direct contrast to the behaviour of water on
Ni(111), Pt(111) and even stepped Pt surfaces, none of which induce the dissociation of
water. The Pt skin surface is relatively insensitive to the thickness of the Pt layer with
the behaviour of the 1-1.5 ML and 2-3 ML Pt layers being comparable. However, the
reactivity of the Pt/Ni alloy was found to differ from the Pt skin structures, with the alloy
being the most active surface with respect to the dissociation of water. This difference is
unsurprising as the alloy has both Pt and Ni atoms present in the surface layer and so will
have both a different electronic structure and geometrical arrangement.
The Pt/Ni surfaces have a higher reactivity with water than observed on either Pt or
Ni(111), as water spontaneously dissociates. The dissociation of water results in a TPD
peak that is stabilised with respect to intact first layer water on Pt or Ni(111). The effect
of co-dosing oxygen and water on the Pt skin layers had very little effect on the water TPD
peaks. This is unusual, as co-dosing water and oxygen on Pt(111) or Ni(111) results in
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the stabilisation of the TPD peaks and the creation of a new high temperature OH/H2O
feature. This suggests that water does not H-bond to O, as on Ni(111), nor does it create
hydroxyl groups that are incorporated into the water layer as on Pt(111). The negligible
effect of pre-dosing oxygen on the water TPD peak on shows that the mixed OH/H2O
phase is less stable on Pt/Ni than on Pt(111). The balance between the higher reactivity
towards water but lower stability of OH (the mixed OH/H2O phase) is the reason the Pt/Ni
system has an enhanced ORR catalytic activity over Pt(111). The unstable OH(ads) are
unlikely to poison the surface, as they are suggested to on Pt(111), leading to improved
ORR efficiency of Pt/Ni over that of Pt(111).
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Chapter 6
Tailoring the structure of water at a
templated surface
6.1 Introduction : The importance of understanding wetting
The importance of aqueous interfaces in many key technological systems has spurred ex-
perimental and theoretical efforts to understand the water-solid interaction and particu-
larly how water bonds to and wets metal surfaces [1, 12, 14, 54, 127, 129, 135, 137, 144].
The wetting behaviour directly influences both molecular properties, such as nucleation,
diffusion and transport [118, 119], as well as nanoscale properties, such as friction [207],
and even macroscopic flow of ice past a solid [35]. Determining the structure of water
at the solid interface is the key to understanding wetting [135, 137]. Despite the general
interest in the water-metal interface, studying the structure of the water layer is far from
trivial. The fragile nature of the hydrogen bonding network means that non-invasive,
low energy, ideally non-ionising techniques, such as helium atom scattering, must be em-
ployed to ensure that restructuring (or dissociation) of the water layer due to experimental
damage does not occur.
The traditional model for the wetting layer on metals assumes that water forms an
‘ice-like’ bilayer [2, 53, 208], similar to the arrangement found in ice Ih(0001). As close
packed transition metal surfaces have a similar lateral spacing to ice and as a (
√
3 ×√
3)R30◦ structure was reported on several surfaces [1] this structure appeared to be
valid. In this model alternate water molecules bond to the solid by electron donation from
O [11, 121, 209], while molecules in the upper half of the bilayer complete the hexagonal
hydrogen bonding network. The upper water molecules each have one uncoordinated
H atom, which was expected to point away from the surface [2], but experiments on
Pt(111) show H is oriented towards the metal, suggesting a distorted, H down bilayer
arrangement [138]. In reality there is little experimental evidence supporting the regular
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alternation in O adsorption geometry implied by the ‘bilayer’ model. Adsorption systems
that have been studied in detail instead show disorder in the water height that is indicative
of a hydrogen bonding motif in which water forms disordered chains or rings of flat lying
water, with the hydrogen bonding network being completed by chains or rings of H-down
water molecules [3, 17, 135]. The interaction between water and metal is weak, similar
to the hydrogen bond strength in bulk ice, consequently water adsorption is stabilised by
formation of hydrogen bonding networks. The hydrogen bonding arrangement adopted,
the lateral density of water and the registry to the metal surface, depend sensitively on
the surface symmetry, the strength of the water-metal interaction and the metal lattice
spacing. For example the noble metals, Cu and Au, do not wet, preferring to form small
3D ice clusters. Wetting structures form as one moves to the left of the period.
Lattice parameter match (or mismatch) between the substrate compared to bulk ice
has been previously suggested as the key factor in determining the structure water adopts
[2, 42]. Taking water on Pt(111) as an example, a simple commensurate (
√
3×√3)R30◦
structure is not observed, instead a more complex (
√
37 ×√37)R25.3◦ structure is found
at low water coverage, changing upon completion of the water layer to give a (
√
39 ×√
39)R16.1◦ structure [51]. The first of these observations can be explained by consider-
ing strain: the ice lattice would have to undergo a lateral expansion in excess of 6% in
order to form a structure with (
√
3×√3)R30◦ periodicity, yet only a 3.6% lateral expansion
is required to form the (
√
37 × √37)R25.3◦ structure [51, 56]. Explanation of the struc-
tural change observed upon completion of the water monolayer cannot be satisfactorily
accounted for solely in terms of lattice matching. Glebov et al. suggested that the ener-
getic gain in optimising the H bonding network, achieved by compressing the first layer
in order to allow additional water molecules to bond directly to the surface, outweighs
the energy required to shift a molecule out of its potential minimum [51]. This implies
that optimisation of the hydrogen-bonding network, at the expense of losing the single
adsorption site, appears to be the driving force for the pseudo-incommensurate nature of
the water layer on this surface [51, 56].
Formation of different water structures can be rationalised in terms of the competing
requirements to optimise the water-metal interaction, by adsorbing water flat atop metal
atoms, whilst retaining a reasonably strong hydrogen bonding network. Despite the pre-
viously widespread acceptance of the bilayer model, calculations also find that neither the
H up, nor H down bilayer structures are stable at close packed metal surfaces [54, 144].
In fact, even when water does form a commensurate hexagonal network, as on Ru(0001)
[53, 208], the water layer does not follow the regular alternation in adsorption geom-
etry implied by the bilayer model. Instead, the water-metal interaction is optimised by
forming flat water chains within the overall H bonding network [3, 11, 14, 15]. Similar
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considerations can also explain the formation of pentagonal water chains on Cu(110) [11]
and the complex
√
39 unit cell found on Pt(111) [12] (as discussed above), but although
there is broad agreement between the structures found experimentally and the minimum
energy structures found by calculations, no direct quantitative comparison of the struc-
tures has been achieved [1]. Direct structural analysis of the first wetting layer has been
hindered on different surfaces by intrinsic disorder in the water structure [3], the forma-
tion of complex unit cells [12], or by the sensitivity of water layers to hydroxyl formation
[127, 129, 145]. As a result, electronic structure calculations [14, 54, 144] have been cru-
cial in developing structural models, but no quantitative structural study of the hydrogen
bonding arrangement at a metal surface is available to benchmark these against [1].
A possible way to stabilize an ordered commensurate ice layer is to form a suitable tem-
plate by modifying the surface so that different adsorption sites are chemically distinct.
By arranging for the surface to preferentially bind water at next nearest neighbour sites,
water-metal bonding can be disfavoured for neighbouring water molecules and chain type
water structures will be disfavoured compared to the regular alternation in water adsorp-
tion geometry that is the characteristic of an icelike bilayer film. Here we describe water
adsorption on a Pt(111) surface alloy, containing Sn atoms arranged in a (
√
3×√3)R30◦
arrangement. By combining HAS, work function change (∆Φ) and LEED we show that
water forms a simple commensurate wetting layer. Water adopts the H down bilayer struc-
ture [138], with one water bonding flat atop Sn and the other oriented ‘H down’ above
Pt, allowing us to make a quantitative comparison between the structure of a water layer
determined by LEED-IV and that predicted by DFT calculations.
6.1.1 Previous SnPt alloy studies
There is a great deal of interest in Sn/Pt alloys because of their favourable catalytic proper-
ties. The addition of Sn to Pt not only improves the resistance to CO poisoning, specifically
in the hydrogenation/dehydrogenation of hydrocarbons, but also improves its selectivity
for some reactions. Sn/Pt alloys have also been identified as CO tolerant anode materials
suitable for use in methanol, ethanol and hydrogen fuel cells [68, 80, 82, 83]. Sn/Pt al-
loys have been studied both as bulk and surface alloys [68, 69, 74, 76, 81]. Bulk Pt3Sn
alloys are typically (2 × 2) terminated whereas the (√3 × √3)R30◦ Sn/Pt(111) surface
alloy is related to the reconstructed (
√
3 × √3)R30◦ phase of the Pt3Sn(111) bulk alloy.
The Sn atoms affect the Pt lattice in two ways, firstly spatially disrupting the lattice, sec-
ondly altering the electronic structure of the surface by donating charge to Pt [82]. The
(
√
3×√3)R30◦ Sn/Pt(111) alloy surface, that we will be focussing on in this chapter, was
determined to be buckled following investigation by LEED-IV and low energy alkali ion
scattering, finding the Sn atoms protrude ≈ 0.2 A˚ above the plane of the first layer of Pt
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atoms [69, 74]. Water on the (
√
3 × √3)R30◦ Sn/Pt(111) alloy has been studied earlier
by Panja et al. [83]. They investigated the water layer with particular reference to the
adsorption energy compared to that of methanol and ethanol, their findings lead them
to suggest alloying Sn has the effect of slightly decreasing the adsorption energy of the
water layer. The motivation for the present study however, is to clarify the effect altering
the substrate lattice has upon waters ability to adapt its structural motif. In particular, to
investigate if a traditional ice-like bilayer water structure can be created given an ideal
surface template.
6.2 Experimental
All experiments reported here were conducted in an UHV chamber with base pressure
6 6×10−11 mBar. The Pt(111) surface was polished to within±0.25◦ of the (111) face and
cleaned by cycles of Ar+ ion sputtering and annealing, with oxygen treatment to remove
carbon. Tin forms a (
√
3 × √3)R30◦ substitutional surface alloy on Pt(111), hereafter
referred to as the
√
3 alloy. The
√
3 alloy was prepared by dosing in excess of 0.33 ML
Sn and annealing to 770 K, while a (2 × 2) alloy could be formed by decreasing the Sn
dose to 0.25 ML [74, 85]. Surface quality was determined by TPD, LEED and HAS [3,
85]. Water layers were dosed via a molecular beam and the relative coverage calculated
by integrating the water TPD signal, with one layer being defined as the coverage just
prior to the appearance of a multilayer desorption peak. LEED-IV of the water films was
recorded using a low current (<1 nA), dual-MCP amplifier to minimise the electron dose
and prevent damage.
6.3 Results and discussion
6.3.1 Water TPD, LEED and HAS investigation on the
√
3 SnPt alloy: the effect of
the template on the water structure
Water dosed at > 135 K is mobile on both Pt(111) and the
√
3 Sn/Pt alloy, forming a
continuous wetting layer with a monolayer TPD peak that saturates as the water layer
completes, figure 6.1. The monolayer formed on the
√
3 Sn/Pt alloy contains (33 ± 5
%) less water than that on Pt(111) and desorption is shifted 6 K to lower temperature.
Further water adsorption results in multilayer growth, yielding a second TPD peak at
lower temperature. In order to determine the ordering of the water layer we turn to
LEED and HAS. LEED of the water covered
√
3 alloy shows a sharp (
√
3×√3)R30◦ LEED
pattern, figure 6.1(ii), confirming formation of a commensurate layer with good long
range lateral registry to the surface. For comparison, water also wets the (2 × 2) Sn/Pt
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Figure 6.1: H2O TPD data (m/z = 18) from
√
3 Sn/Pt alloy surface with coverages ranging from
submonolayer through saturation to multilayer growth. The number of water layers
reported in the legend are given with respect to saturation on Pt(111), shown as a
dotted line. The adsorption temperature was 135 K and the heating rate was 0.8 K
s−1. (i) LEED pattern from the clean
√
3 Sn/Pt alloy surface showing the (
√
3 ×√
3)R30◦ diffraction pattern. (ii) LEED pattern obtained from the same Sn/Pt alloy
surface after adsorption of a single layer of water at 135 K. Images were recorded
at 100 K and are shown for an energy of 88 eV, the inner hexagon being the (1/3, 1/3)
beams.
surface, figure 6.2, but, instead of a simple commensurate structure, forms a (
√
52 ×√
52)R13.9◦ structure, figure 6.2(ii). This behaviour is analogous to the formation of large
unit cell structures on surfaces such as Pt(111) [12] and Ni(111) [132], but the structure
of the
√
52 layer is not known. In order to determine if the height of water above the
√
3
Sn/Pt surface also follows a simple
√
3 long range order, or if it is disordered within the√
3 H bonding network [3], we recorded HAS from the water layer. HAS probes only the
outermost layer and is sensitive to the height of the water as well as its lateral registry (see
the chapter 2 for more details). Sharp diffraction peaks are observed corresponding to the
first and second order (1/3, 1/3) beams, as shown in Figure 6.3. The width of the HAS
diffraction peaks changes by less than 5% as the water layer is adsorbed and desorbed,
indicating that water forms an extended 2D network with good long range order of the
adsorption site and binding geometry. This result is in direct contrast to the disorder found
for water in the
√
3 water layer on Ru(0001) [3].
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Figure 6.2: H2O TPD data (m/z = 18) from (2 × 2) Sn/Pt alloy surface with coverages ranging
from submonolayer through saturation to multilayer growth. The number of water
layers reported in the legend are given with respect to saturation on Pt(111), shown
as a dotted line. The adsorption temperature was 135 K and the heating rate was 0.8
K s−1. (i) LEED pattern from the clean (2× 2) Sn/Pt alloy surface showing the (2×
2) diffraction pattern. (ii) LEED pattern obtained from the same Sn/Pt alloy surface
after adsorption of a single layer of water at 135 K. Images were recorded at 100 K
and are shown for an energy of 66 eV, the inner hexagon being the (1/2, 1/2) beams.
The ratio of the water saturation coverages (taking the saturation coverage on Pt(111)
as 1) are 1 : 0.85 : 0.96 for Pt(111),
√
3 Sn/Pt and (2×2) Sn/Pt respectively.
6.3.2 DFT modelling of possible wetting layer structures
In order to determine if a simple
√
3 structure is anticipated from theory, DFT calculations
were performed by G. R. Darling, in order to model different possible water structures,
shown in figure 6.4, using the VASP code [140, 141]. The structures were composed of
slabs containing 5 metal layers, with 3 fixed in a (2
√
3× 2√3) supercell. Valence electron-
core interactions were included using the projector augmented wave method [210, 211],
with the PBE GGA functional for exchange and correlation. The calculations employed
a set of 13 k-points in a 5 × 5 × 1 grid, a vacuum gap of 16 A˚, with a cutoff energy of
400 eV and dipole corrections perpendicular to the surface. Calculations find the water
monomer binds above Sn parallel to the surface, in preference to adsorbing (through the
oxygen) to Pt. This preference for water adsorbing to Sn appears to persist when an entire
water layer is present. The water structure with the highest binding energy (Table 6.1)
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Figure 6.3: Helium atom scattering distributions for a 63 meV He beam, recorded at 100 K for a
fixed total scattering angle of 90◦. (i)
√
3 Sn/Pt alloy surface. (ii) Saturation layer of
water dosed at 135 K. Adapted from reference [13].
has water molecules adsorbed alternately flat atop Sn and H-down above Pt, completing
the hydrogen bonding network (figure 6.4 c). Orienting the uncoordinated H atom away
from the surface is disfavored by 0.11 eV/water. Although an H-down bilayer arrangement
has been proposed earlier to explain the proton arrangement on Pt(111) [138], it is not
the structure observed experimentally [1, 12]. Hexagonal networks containing flat water
chains or rings, which are the preferred 0.67 ML structure on Ru(0001) [14] and Pt(111)
(figure 6.4 d), are not stable on the alloy surface. The stability of the H down bilayer
predicted by DFT is consistent with the simple
√
3 ordering found in HAS and allows us
to use LEED-IV to obtain quantitative structural data that can be compared directly with
the DFT calculations.
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Figure 6.4: Calculated structures for a 0.67 ML water layer on (a-c)
√
3 Sn/Pt(111) and (d)
Pt(111). Images show H up bilayer bonding on (a) Pt or (b) Sn atoms, (c) H down
bilayer on Pt, (d) flat water chains on Pt(111). Pt depicted as pale grey, Sn dark grey,
O atoms bonded to the surface red, H white, O of upper water orange. Adapted from
reference [13].
Table 6.1: Calculated binding energies, Ead (eV/H2O), and workfunction change, ∆Φ (eV), for
different arrangements of 0.67 ML water on
√
3 SnPt alloy and Pt(111).
Structure Ead alloy ∆Φ alloy Ead Pt(111)
Bilayer on Pt, H up 0.46 -1.34 0.47
Bilayer on Sn, H up 0.49 -2.63
Bilayer on Sn, H down 0.60 -0.44
Bilayer on Pt, H down 0.50 +1.29 0.50
Chains on Pt 0.55
6.3.3 LEED-IV study of the wetting layer on
√
3 SnPt alloy
LEED-IV data were recorded at 100 K for a water layer grown at 135 K on the
√
3 Sn/Pt
alloy, figure 6.5. Eighteen beams were recorded, from 30 eV to 650 eV, giving a cumula-
tive energy range of 5100 eV. Dynamical LEED structure calculations were performed by
K. Pussi (Lappeenranta University of Technology) using the Tensor-LEED program [212]
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with relativistic phase shifts [213]. Agreement between model and experiment was tested
using the Pendry R-factor and the error bars quoted are calculated using the Pendry RR-
function [106]. In the first stage of the analysis the H atoms were ignored. Based on the
water coverage, and the DFT analysis discussed above, two O atoms were placed in each
unit cell, either both on top of Pt atoms or one above Pt and one above Sn. Model struc-
tures were not restricted by any symmetry, but domain averaging was used to restore the
symmetry observed in the LEED pattern. Non-structural parameters were optimized in the
final step and are listed in Appendix C. The configuration where one O atom is adsorbed
close on top of Sn and the other further from the surface above Pt is clearly favoured over
other possible arrangements, the R factor being ca. 0.1 larger when both O sit above Pt.
As a final refinement the H atoms were added to the calculation to investigate if the IV
data could distinguish between the different possible proton arrangements, specifically, if
the uncoordinated H atom attached to the upper O atom is sited above the O or pointing
down towards the metal. Including H atoms in an H up water geometry increases the R
factor from 0.25 to 0.29, whereas the H down configuration improves the fit. Relaxing
all atoms in all 3 dimensions gave a final Pendry R-factor of 0.23, 0.02 lower than with-
out including H. Although the bond lengths and angles obtained for OH in water are not
statistically significant, the H atom positions are stable and do not deviate significantly
from the geometry expected for a water molecule (the OH bond lengths are 1.0 ± 0.3 A˚
with bond angles of 107◦ and 109◦). The stability of the water unit during fitting of the
individual atomic positions adds confidence to our assignment of the H down proton ge-
ometry from the IV data, since their low scattering factor might be expected to cause the
H atoms to move unrealistically to compensate for systematic errors in the data analysis
and model used.
6.3.4 Testing DFT models against experimental evidence
In order to test if the H down proton orientation found by LEED and DFT is correct, we
measured the workfunction change upon water adsorption using a Kelvin probe, figure
6.6. Comparison of the experimental value, ∆Φ = -0.34 ± 0.06 eV, to that calculated
for different model structures, shown in Table 6.1, reveals that only the H-down bilayer
structure, with water bonded flat atop Sn, has a workfunction change (∆Φ = -0.44 eV)
close to that observed. We conclude that the workfunction change, calculated binding
energy and LEED-IV data all support an H-down water bilayer structure, allowing us to
make a quantitative comparison between the structures obtained from experiment and
calculation.
In comparing these structures we note that, as expected, the errors in the location
of the H and O atoms from LEED-IV are large compared to those of the metal atoms,
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Figure 6.5: LEED-IV experimental (black) and theoretical (red) profiles of the (1/3, 1/3), (1, 0), (0,
1), (2/3, 2/3), (4/3, 1/3), (1/3, 4/3), (1,1),(2,0), (0,2), (2/3, 5/3), (5/3, 2/3), (4/3, 4/3), (7/3, 1/3), (1/3,
7/3), (2,1), (1,2), (0,3) and (3,0) spots following a 30 - 650 eV IV scan of an intact
water layer on the
√
3 Sn/Pt alloy. The numbers reported besides the spot number
are the Pendry R-factors for each set.
∆zH=±0.2 A˚ and ∆zO=±0.07 A˚ compared to ∆z=±0.02 A˚ for the top layer metal atoms.
Within this precision, overall agreement between the experimental and calculated struc-
tures is good (Figure 6.7). The buckling of Sn out of the Pt layer obtained from LEED is
0.36±0.03 A˚, whereas the calculation gives 0.40 A˚. The interlayer spacing found by LEED
is 2.25±0.03 A˚ compared to 2.33 A˚ for the calculated structure. Both experimental and
calculated structures locate O from the lower water atop Sn, with an O-Sn bond length of
2.55±0.09 A˚, compared to 2.68 A˚ from theory. Similarly, O of the upper H-down water
molecule lies 3.40±0.09 A˚ above the Pt, compared to 3.28 A˚ from the DFT calculation.
The net result is that the LEED-IV fit finds a slightly larger O corrugation (dzO=0.44±0.09
A˚) than that predicted by DFT (dzO=0.20 A˚).
The structural analysis presented above allows us to understand why the H down water
bilayer is stable on
√
3 Sn/Pt(111) but not on other plane metal surfaces. Two effects can
be identified. Firstly, the DFT calculations show that significant charge exchange occurs
during alloying; the Sn atoms donate electron density into the Pt surface, making the Sn
a more favourable adsorption site for O donation from water but decreasing the ability of
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Figure 6.6: The workfunction change as a function of ice thickness (black squares), plotted
against DFT model structures (as shown in figure 6.4). The calculated workfunction
for figure 6.4(a) is shown by a blue triangle, for figure 6.4(b) by a green diamond and
for figure 6.4(c) by a red star. Only the workfunction change for the figure 6.4(c) is
in agreement with the experimental data.
surface Pt atoms to accept further electron density. In contrast to Pt(111), where water
monomers bind flat atop Pt with Ead = 0.26 eV [11, 121, 209], the filled 1b1 “O lone pair”
orbital is now unable to donate electron density to the Pt sites on the alloy, with water
instead rotating to an H-down geometry when constrained to remain above Pt. Figure 6.8
shows the change in electron density as the water layer is brought up to the alloy surface.
As well as the usual water-metal bonding interaction between water and Sn, there is also
significant charge redistribution present between H (of the H-down water) and Pt. This
type of interaction (M—H-O) can be thought of as an agostic bond [26], comparable
to the M—H-C interactions commonly found in organometallic chemistry. This agostic
bonding interaction increases the O-H dipole (in the same way that hydrogen bonding in
a liquid increases the dipole moment of isolated water [42]) and reinforces the charge
transfer as electron density is redistributed from Sn to Pt. The resulting polarisation of
electron density away from Sn helps stabilise water adsorption flat atop Sn, (Ead = 0.27
eV), giving a
√
3 array of binding sites, separated by unfavourable Pt sites. Formation of
chains or rings of flat water on the alloy surface requires the water to sacrifice at least half
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Figure 6.7: Comparison of structure calculated by DFT (left) and that obtained from the LEED-
IV fit (right). Interlayer and O-metal separations are given in Ångstrom relative to
the bulk position. Adapted from reference [13].
the favoured Sn sites and, as a result, the chain structures found on flat surfaces (figure
6.4 d) are not stable on the
√
3 alloy template (Table 6.1).
The second factor favouring formation of an H down bilayer is the corrugation of the
alloy surface, which allows water molecules to optimise their bonding to Sn without the
lower H atoms being forced too close to the metal. The LEED analysis finds that water
is adsorbed 2.55 A˚ above Sn, some 2.9 A˚ above the Pt layer, allowing the lower H atom
of the other water molecule to remain 2.4±0.2 A˚ above Pt. For comparison, the water
monomer has been calculated to bind 2.57 A˚ above Sn, with the H down bilayer just
slightly further away, dO−Sn = 2.67 A˚, with the H atom of the upper water 2.25 A˚ above
Pt. In fact, the H-metal separations calculated for 0.67 ML structures on Pt(111) are
almost identical for both the H-down bilayer and chain structure, the differences occur in
the O-metal interaction. Calculations for an H-down bilayer on Pt(111) give dO−Pt = 2.96
A˚, whereas formation of flat water chains allows the O to bind 0.5 A˚ closer to Pt, increasing
the binding energy by 0.05 eV. We conclude that corrugation of the alloy surface allows
water to bind flat, close above Sn, optimising the water-metal bonding while reducing the
125
6. Tailoring the structure of water at a templated surface
Figure 6.8: Charge density difference plot for adsorption of a water layer on to the
√
3 Sn/Pt
alloy. This shows the H atom of the H-down water undergoes a bonding interaction
with the Pt atom, whilst Sn binds the oxygen of the flat, water molecule sitting di-
rectly above it. The charge increase in between the H and Pt can be described as an
H-bond to the metal or an agostic bond [26]. Blue dotted contours indicate electron
density depletion, red lines indicate areas which have increased electron density.
repulsion between the lower H and the metal electron density.
Unlike the disordered
√
3 chain structures formed on Ru(0001) (cf. figure 6.4 d) [3],
or the complex unit cell formed on Pt(111) [12], we have shown that an H-down water
bilayer can be stabilized by providing a suitably corrugated metal template. Formation of
the bilayer is favoured by removal of adjacent binding sites, which destabilizes structures
containing flat chains or clusters of water, and by the corrugation which allows the lower
water molecule to bind close to Sn while minimising the H - metal repulsion of the upper
water. This close binding of the water to Sn, coupled with the electronic effect of alloying
Pt with Sn, facilitates charge donation from the O 1b1 lone pair from water to the Sn
resulting in a good bonding interaction. LEED-IV analysis provides the first quantitative
structural analysis of an intact water-metal layer. Both the overall arrangement of water in
the wetting layer and metal-water bond lengths are in good agreement with the minimum
energy structure calculated by DFT. The results emphasise that the regular alternation
in water adsorption geometry associated with a bilayer structure is only adopted when
imposed by another constraint, in this case by the alloy template. In contrast, on plane
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metal surfaces water is able to create hydrogen bonding networks containing flat chains
or rings of water [14, 144], leading to varied and complex wetting layers [12] depending
on the surface.
6.4 Changing the host metal in the
√
3 Sn/M alloy system
The sensitivity the water structure has to the underlying template naturally begs the ques-
tion will water form an ice-like bilayer on any buckled
√
3 surface alloy? Sn has been
found to form (
√
3 × √3)R30◦ surface alloys not just on Pt(111) but also on Ni(111),
Cu(111) [81], Pd(111) [214] and Rh(111) [215]. As noted previously (section 6.1.1) the
(
√
3 ×√3)R30◦ Sn/Pt alloy is buckled by ≈ 0.2 A˚ [69, 74]. This outward buckling of Sn
originates as a mechanism to alleviate the strain induced by incorporating the larger Sn
atoms into the smaller lattice of the substrate. The smaller the lattice parameter of the
underlying substrate, the greater the degree of buckling of Sn [81, 215]. Overbury and
Ku’s study of (
√
3 × √3)R30◦ Sn/M alloys (M= Rh(111), Cu(111) and Ni(111)) found
the outward buckling of Sn ranges from 0.46 A˚ (on Ni) to 0.22 A˚ (on Pt) [81] compared
to an ≈ 10% reduction in host lattice parameter c.f. Pt. This buckling is thought to help
stabilise the H-down water bilayer as the unfavourable repulsive interactions between the
H and surface are minimised whilst the water-Sn bonding remains optimal [13].
As has been touched on earlier, altering the initial dose of Sn and the anneal tempera-
ture on Pt(111) determines whether a low coverage (0.25 ML Sn) (2×2) or (√3×√3)R30◦
(0.33 ML Sn) surface alloy forms. The effect of altering the surface coverage of Sn has
been previously investigated on Ni, Cu and Rh and no evidence for the existence of a low
Sn coverage (2×2) surface alloy was found [81]. Instead, a range of surface structures,
where Sn does not alloy, has been found. These surface structures are dependent on the
initial amount of Sn dosed, as well as the Sn dose and anneal temperature. These struc-
tures are metastable and hence only form at low growth temperatures; Karakalos et al.
found a c(4×2) Sn structure on Ni(111) at coverages of 0.25 ML, at higher coverages (2.6
ML Sn) annealed to 700 K a c(2×2) structure was formed [101]; Sn on Cu(111) has two
non-alloying surface reconstructions, a p(2×2) structure at low coverage (0.25 ML Sn)
and a (21,13) at higher (0.40 ML Sn) coverage [216]; Sn on Rh(111) has been found to
form a mixed phase of (2 × 2) and (√3×√3)R30◦ at Sn coverages in excess of 1 ML and
anneal temperatures in the range 750-850 K [215]. (The (2 × 2) phase was never ob-
served on its own but as Sn was dosed at room temperature (spontaneously alloying with
Rh) any metastable non-alloying phase would be almost impossible to produce/isolate).
By dosing Sn onto a cold Rh(111) substrate the existence of any ordered non-alloying Sn
phases can be verified (akin to the structures seen on Ni and Cu) this investigation is being
conducted currently by A. Massey.
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Figure 6.9: Representative water TPD (m/z = 18) from (a) (
√
3 × √3)R30◦ Sn/Rh(111) alloy,
(b) (
√
3 × √3)R30◦ Sn/Cu(111) alloy, and two non-alloying structures p(2 × 2)
and (21,13) Sn/Cu(111), (c) (
√
3 × √3)R30◦ Sn/Ni(111) alloy, (d) High coverage
(HC) (2 × 2) Sn/Ni(111) non-alloying surface structure, (e) c(4×2)Sn/Ni(111) non-
alloying surface structure and finally (f) showing a comparison of the Sn/Ni data
against Ni(111) in the same frame. Sn/Rh and Sn/Cu data were collected by A.
Massey. All the coverages of water given in the figure legends are with respect to
saturation on the relevant clean metal surface. The heating rates used were 0.6-1.2
Ks−1 for Sn/Rh, 0.5 Ks−1 for Sn/Cu and 0.7 Ks−1 for Sn/Ni. Water was dosed
at approx 120 K on all of these surfaces. Sn was dosed onto cold (approx.100 K)
substrates for the preparation of non-alloying structures and at room temperature in
the case of the
√
3 Sn/Cu and Sn/Rh alloys.
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Figure 6.10: c(4×2) Sn/Ni(111) surface structure LEED images (a) clean and (b) with a water
layer dosed at 123 K, notice the change in spot intensity and background coupled
with the appearance of diffuse beams in the (1/3, 1/3) positions when water is present
on the surface. Both images were recorded at a beam energy of 89 eV.
As both the
√
3 and c(2×2) Sn/Pt alloys have been found to wet, figures 6.1 & 6.2, the
interaction of water on the
√
3 SnM alloys and all the surface structures detailed above
have been investigated. Of the Sn/Rh(111), Sn/Cu(111) and Sn/Ni(111)
√
3 alloys stud-
ied none were found to wet, figure 6.9. Of the non-alloying Sn surface structures, only the
c(4×2) Sn/Ni(111) system formed a wetting layer, figures 6.9 and 6.10. Unlike the well
defined large unit cell structure water adopts on the Sn/Pt c(2 × 2) alloy (LEED pattern
shown in figure 6.2 (ii)), here the water layer creates diffuse beams at the (1/3,1/3) posi-
tions, an increased background and a change in the beam intensity from the clean surface,
figure 6.10. The limited experimental structural data and high likelihood of an intrinsically
disordered water layer (evidenced by the diffuse (1/3,1/3) beams) make definitively iden-
tifying the water structure difficult. The observation that the
√
3 Sn/Ni and Sn/Rh(111)
alloy surfaces do not wet is a dramatic departure from their typical behaviour prior to Sn
alloying as, like Pt(111), both Ni and Rh(111) ordinarily wet, so alloying with Sn appears
to promote hydrophobicity on these surfaces. This is especially surprising in the case of
Rh(111) as the lattice parameter of Rh is only 3% smaller than Pt and so the buckling
of the
√
3 Sn/Pt and
√
3 Sn/Rh surfaces is similar, table 6.2. Cu(111) is a non-wetting
surface because of its fully occupied d-shell [121] however, alloying the surface with Sn
alters the electronic configuration. The change in electronic configuration upon alloying
could have made wetting favourable but this was found not to be the case, figure 6.9(b),
and the surface remains hydrophobic.
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Table 6.2: Outward surface buckling of Sn from the alloy surface.
(
√
3×√3)R30◦ surface Buckling (Å) a0 host metal (Å)
Sn/Pt(111) [81] 0.22 2.775
Sn/Rh(111) [215] 0.29 ± 0.05 2.69
Sn/Cu(111) [81] 0.39 2.56
Sn/Ni(111) [81] 0.46 2.49
In order to gain further insight into the non-wetting behaviour observed on
√
3 alloy
surfaces other than Pt, DFT models of the surfaces were created by G. R. Darling. From
the calculated binding energies, reported in table 6.3, DFT is in agreement with the exper-
imental findings that none of these surfaces wet. Analysing these structures in more detail
we find that the crucial factors determining the wetting/non-wetting behaviour of the sur-
face are the lattice parameter and electronic structure of the substrate. On the
√
3 Sn/Cu
and Sn/Ni surfaces the short lattice spacing is the determining factor which leads to the
non-wetting behaviour observed. Water exists at three distinct heights above these sur-
faces, the lowest water binds flat atop the Sn (akin to water on
√
3 Sn/Pt) with the next
highest water binding H-down above Cu or Ni, tilted towards the highest bound water
molecule, which is non-planar and high above the Sn atom (with respect to water binding
above the first Sn) in order to still participate in the H-bonding network, figure 6.11. The
short lattice spacing coupled with the intermolecular water H-bond length prohibits half
of the water molecules binding flat atop the Sn sites, resulting in a destabilisation of the
layer and the non-wetting observed. As reported in table 6.3 the Sn-water and M-water
bond distances of all the non-wetting
√
3 Sn/M alloys investigated are greater than that
found on the wetting
√
3 Sn/Pt alloy. Weakening the water-surface bond (i.e. longer O-Sn
distance) can be partially compensated by increased water-water bonding to enhance the
stability of the water layer, resulting in clustering in preference to wetting. This effect can
be clearly seen in figure 6.11 and table 6.3, where as the length of the water-Sn bonds
increases the intermolecular water-H bonds correspondingly decrease. It is perhaps unsur-
prising looking at the extremely contorted water structure that the
√
3 Sn/Cu and Sn/Ni
alloys do not wet - but it is not as readily apparent why
√
3 Sn/Rh does not. In the
√
3
Sn/Rh case the lattice spacing and surface buckling are close to that of
√
3 Sn/Pt, instead
the electronic structure of the
√
3 Sn/Rh alloy is the factor governing the non-wetting.
We have not yet discussed the electronic effect of alloying on bonding, which for the√
3 Sn/Rh case appears to be pivotal in determining the stabilisation stability (or other-
wise) of a wetting layer and not simply the buckling or symmetry of the substrate. We
investigated the electron density changes during wetting of the
√
3 Sn/Pt system com-
pared to the non-wetting
√
3 Sn/Rh system, shown in figure 6.12 (a) and (b). Examining
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Figure 6.11: Calculated structures for a 0.67 ML water layer on
√
3 Sn/M surfaces. Images show
an H-down bilayer structure (found to be stable on
√
3 Sn/Pt surface, shown in the
bottom panels). For comparison one water was turned H-up to see what effect this
had on the stability of the wetting layer on
√
3 Sn/Cu. It was found to make little
difference. Ni atoms are depicted in green, Cu in brown, Rh in teal and Pt in pale
grey, with Sn in dark grey in all panels. O atoms are depicted in red with H in
white, in the
√
3 Sn/Cu 1 H-up panels oxygen in the lower lying water molecules is
depicted in orange to highlight the change in water height across the surface.
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Figure 6.12: Charge density difference plots for water binding to the (a)
√
3 Sn/Pt and (b)
√
3
Sn/Rh alloys. (a) shows the H atom of the H-down water undergoes a bonding
interaction with the Pt atom, whilst Sn binds the oxygen of the flat, water molecule
sitting directly above it. (b) Highlights the difference between the
√
3 Sn/Pt and
Sn/Rh metal alloys, the bonding interactions between water and Sn and the H-down
water and metal are both reduced on the Rh alloy compared to Sn/Pt. Blue dotted
contours indicate electron density depletion, red lines indicate areas which have
increased electron density.
the contour plots we find that the increase in electron density between the water and Sn,
present on the
√
3 Sn/Pt surface, figure 6.12 (a), is absent on the
√
3 Sn/Rh surface, figure
6.12 (b). The agostic bond between the H of the H-down water and the metal is also less
pronounced on the
√
3 Sn/Rh surface than on the Sn/Pt alloy. These smaller water-surface
interaction produce a smaller enhancement of the water dipoles on
√
3 Sn/Rh compared
to the
√
3 Sn/Pt surface. The difference in the electronic structure of the
√
3 Sn/Pt and
Sn/Rh alloys is responsible for this decreased water-surface interaction. The electron den-
sity on Sn in the
√
3 Sn/Pt system is 0.1 lower on both the clean and water covered surface
than for Sn in
√
3 Sn/Rh. This indicates that the direction of charge transfer is different
for the Sn/Pt and Sn/Rh alloys. In the case of the
√
3 Sn/Pt alloy Sn donates charge to Pt,
making the Sn atom more able to accept electron density from the electron lone pair on
water. However, as Sn withdraws electron density from Rh in the Sn/Rh alloy, Sn is ren-
dered unable to accept electron density from water thus preventing a water-Sn bonding
interaction forming, figure 6.12 (b). The smaller Sn-water and H-down water-metal inter-
actions on the
√
3 Sn/Rh alloy surface ultimately culminates in the non-wetting behaviour
observed.
The importance of the electronic effect gains additional support from the observed
wetting of the c(4×2) Ni/Sn surface, figure 6.9(e). This surface is non-alloying and hence
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the electronic structure will be markedly different to the
√
3 Sn/Ni alloy, which does not
wet. As the other non-alloying Sn surface structure (the high coverage c(2×2)) on Ni was
found to be non-wetting we must consider the differences between the c(2×2) and c(4×2)
surface structures. Assuming Sn withdraws electron density from the Ni in the case of the
alloy, making water binding to the Sn unfavourable (akin to the effect seen on
√
3 Sn/Rh),
the electronic effect of the non-alloyed/Sn adatom is likely to be different [217, 218]. This
difference in the electronic structure could render the water-metal interactions favourable
on the non-alloyed surface. This leads to the question if the c(4×2) wets why doesn’t the
c(2 × 2)? The c(2 × 2) has a higher Sn coverage (≈ 1 ML of Sn after annealing [101])
and thus coexists with residual Sn islands which may sterically block water adsorption, an
effect which obviously does not occur on the lower coverage c(4×2) surface. This neatly
shows the importance of the electronic effect (along with favourable adsorption sites), not
just the surface buckling upon the observed wetting behaviour.
From our starting point of aiming to discover if any other
√
3 Sn/M surface alloy could
support an H-down water bilayer, we find the
√
3 Sn/Pt surface to be unique among the
systems investigated. All of the
√
3 Sn/M alloys studied (aside from Sn/Pt) are hydropho-
bic, whilst only one of the non-alloying Sn surface structures (c(4×2) Sn/Ni(111)) was
found to wet. The electronic configuration of the surface appears to be the primary factor
determining the surface wetting, not the degree of surface buckling. This is most evi-
dent when considering the small difference in the buckling (and lattice spacing) of
√
3
Sn/Pt and Sn/Rh surface alloys but the dramatically differing wetting behaviour. DFT
simulations have shown that as the host metal is changed the altered electronic structure
of the surface makes the water-Sn bonding interaction less favourable than in the Sn/Pt
case, evidenced by the increasing Sn-O distance. This finding indicates that the Sn atoms
of the
√
3 Sn/M alloys (M=Rh,Cu and Ni) are less able to accept the electron lone pair
from O of water than the
√
3 Sn/Pt surface. Sn’s lower affinity for accepting electron den-
sity/bonding to the water molecules leads to enhanced water-water interactions, resulting
in clustering behaviour in favour of forming a continuous wetting layer.
6.5 Multilayer water growth on the templated surface
The structure of submonolayer and saturation layer coverages of water has been widely
studied on metal interfaces due to the general interest in water/surface interactions [1].
However, how the structure of the first water layer affects the wetting and growth of
multilayer water has been less well investigated. Multilayer water growth on the (
√
39 ×√
39)R16.1◦ water layer on Pt(111) has been described as hydrophobic by Kimmel et al.
[135]. Using rare gas physisorption TPD they found the formation of 3D ice crystallites
on the water monolayer to be thermodynamically favoured, with monolayer water still
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exposed even for total water coverages of ≈ 45 ML. They described the √39 layer as
hydrophobic because it has no dangling OH bonds or lone pairs of electrons, this coupled
with the ≈ 3% compression relative to bulk ice would produced strained water films if
subsequent water layers grew epitaxially. In order to reduce the strain the multilayers
relax to an incommensurate (
√
3 × √3)R30◦ structure with the lattice constant of bulk
CI [135]. The non-wetting behaviour is explained to arise from the large surface free
energy difference between the hydrophobic monolayer and CI, as a terminated surface of
CI would have a high density of broken bonds and thus a high free surface energy [148].
(Similar behaviour was observed to occur on a thin epitaxial film of Pd(111) on Pt(111)).
However, Kimmel et al.’s analysis of the ice layer as hydrophobic is open to criticism
due to the over simplistic interpretation of their findings. Instead of the first water layer
being rigidly fixed, unable to form hydrogen bonds to the multilayer, the first layer has
been shown to reconstruct to match a bulk ice film [56]. Zimbitas and Hodgson’s study
of ice layers on Pt(111) probed by chloroform found for thick (≈ 40 ML) ice films the√
39 wetting layer restructures to form an incommensurate bulk ice Ih(0001) film, in
order to minimise strain at the cost of a non-optimal water-Pt(111) interaction [136].
Gaining an insight into the morphology and perhaps even the molecular arrangement
of multilayer water is a challenging task. The widespread use of STM has allowed 3D
ice crystallites to be imaged in real space [137], however, despite the advances made
STM alone cannot elucidate the molecular structure of multilayer water crystallites. (Care
needs to be exercised when imaging water structures as there is evidence of the bias
voltage altering the water structure [219]).
As we have now established that the
√
3 Sn/Pt alloy supports the formation of an or-
dered H-down ice bilayer-like structure, investigating how multilayer water growth pro-
ceeds appears the next logical step. If it behaves as the H-down layer on Pt(111) the
structure will be non-wetting, favouring the formation of 3D ice crystallites. Multilayer
ice is unlikely to grow in registry/epitaxially with the substrate/first water layer indefi-
nitely, as even though it has an ice-like bilayer corrugation, the lateral O-O spacing is ≈
6.5% expanded with respect to bulk ice. Growing in registry would lead to an accumula-
tion of strain within the multilayer, which is eventually unfavourable. In order to relieve
strain the water layer could grow incommensurately with respect to the first layer, as seen
on Pt(111), or adopt an ordered superstructure. Figure 6.13 shows multilayer water on√
3 Sn/Pt gives rise to additional LEED spots in a (4
√
3× 4√3)R30◦ pattern. These LEED
spots are apparent from water coverages from 1.5 to at least 27 layers, (the spots are still
visible at 27 layers but have disappeared by 65) after which only the
√
3 spots remain.
The streaks along the
√
3 direction indicate a degree of disorder present on the surface.
Chloroform TPD, figures 6.14 and 6.15, was used to probe the morphology of thin
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Figure 6.13: (4
√
3 × 4√3)R30◦ LEED pattern from 3.85 layers of water on a √3 Sn/Pt alloy
recorded at 44 eV (a) and 90 eV (b). Water was dosed at 135 K.
Figure 6.14: Chloroform TPD (m/z = 85) from a clean
√
3 Sn/Pt surface. The high temperature
peak desorbs at 170 K, with the low temperature peak desorbing at 143 K. Chloro-
form was dosed at ≈ 100 K, the heating rate used was 1.2 Ks−1.
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Figure 6.15: Chloroform study of the wetting behaviour of
√
3 Sn/Pt layer. All water coverages
are quoted with respect to a saturation layer of water on Pt(111), water was dosed
at ≈ 135 K. The dose of chloroform was kept constant (at approximately one layer
which was dosed on top of the water layer at≈ 100 K), hence the traces are reported
against the corresponding water coverages. Water m/z = 18, chloroform m/z = 85 ,
the heating rate used was 1.2 Ks−1.
ice films in order to compare to the LEED data and the wetting behaviour of Pt(111)
[136]. Chloroform TPD on the clean
√
3 Sn/Pt, figure 6.14, differs from that reported
on Pt(111) [136] as it comprises only two desorption peaks not three as seen for Pt(111).
The high temperature (170 K) peak is assigned to chloroform desorbing from the
√
3 Sn/Pt
surface and the low temperature peak (143 K) appears to come from both second layer and
multilayer chloroform, which appear to be indistinguishable on this surface. Chloroform
was then dosed onto different water coverages on
√
3 Sn/Pt, shown in figure 6.15. At
a water coverage of 0.69 layers three chloroform peaks are recorded, labelled as α (170
K), β (147 K) and γ (139 K). As the water coverage is increased to 0.9 layers α virtually
disappears but both β and γ remain, β disappears as the coverage is increased to 1.9 layers
of water, leaving only γ remaining. Based on these findings we assign α to arise from the
bare
√
3 Sn/Pt surface with β coming from adsorption on top of the first water layer and
lastly, γ resulting from second/multilayer CHCl3 desorption. From the findings of both the
chloroform and LEED studies, we can gain an insight into the morphology of the water
film, figure 6.16. Initially (<0.7 water layers) islands of
√
3 water grow on the surface
interspaced with patches of bare surface. As the water coverage increases the substrate
becomes entirely covered with water, increasing the water coverage further (>1.9 layers)
leads to a water layer with (4
√
3× 4√3)R30◦ symmetry which completely covers the first
water layer (or at the very least prohibits CHCl3 adsorption). This superstructure remains
as subsequent water is dosed, disordering slowly as the thickness increases.
In order for multilayer water to grow, a superstructure must be adopted to allow strain
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Figure 6.16: Cartoon showing the development of submonolayer to multilayer ice structures on
the
√
3 Sn/Pt(111) alloy as a function of thickness.
relaxation and the structure may not be strictly governed by the substrate, as it is for first
layer water. The structure of the first water layer is optimised in order to maximise its
bonding to the substrate as well as its intermolecular hydrogen bonding. Multilayer water
is not bound by the same constraints, so may not necessarily form a continuous wetting
structure on top of the first layer. In order for a multilayer to wet it must be able to form
strong H bonds to the first water layer. Formation of bulk ice crystallites will eventually
require the film to adopt a lateral registry matching that of 3D bulk ice Ih, so if the mul-
tilayer is unable to make favourable H-bonding interactions to the first water layer, or
cannot cause it to reconstruct to match the bulk ice lattice constant, a uniform crystalline
ice film will not form [1]. This makes the multilayer film sensitive to the binding energy
of the first water layer i.e. how easily (or not) it can be reconstructed. If the stabil-
ity of the first water layer is sufficiently large restructuring will be disfavoured, the first
layer-substrate interface will be maintained and water crystallites will grow on top of the
unreconstructed wetting layer (stabilising the first-layer bulk interface) [1]. Alternatively
the multilayer can cause the first layer to reconstruct and grow as an incommensurate ice
film.
On the
√
3 Sn/Pt surface despite the first layer of water forming an “icelike” bilayer
in registry with the substrate, its lateral spacing is not equivalent to bulk ice. Multilayer
water is found to form a (4
√
3× 4√3)R30◦ ordered superstructure in order to form a con-
tinuous ice layer without causing the first layer to restructure from its commensurate
√
3
arrangement. As the
√
3 LEED pattern remains as multilayer water is dosed, not steadily
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disappearing as seen for the wetting layer on Pt(111) [136], the ice multilayer appears to
grow in registry with the wetting layer but with some additional superstructure. The tem-
plated nature of the substrate stabilises the
√
3 H-down water layer, resulting in a good
water-metal interface rendering reorientation unfavourable as multilayer water is added.
As the wetting layer is not reconstructed the multilayer has to optimise its structure and
hydrogen bonding in order to compensate for the non-ideal wetting layer-multilayer in-
terface. In order to achieve stabilisation the multilayer can adapt its structure in a number
of ways; it may form an H ordered structure to stabilise dipoles in the surface, or an or-
dered O superstructure to relieve strain, or it could optimise its density by creating domain
boundaries. Any of these structural adaptations could have sufficient long range order to
create the 4
√
3 superstructure observed. Combined chloroform and LEED studies have
shown that this superstructure persists to at least 27 layers of water. Above 27 layers
of water only a
√
3 LEED pattern persists (with no evidence of the superstructure spots)
this means the ice structure has either relaxed and become an incommensurate bulk ice
film or the superstructure has become disordered. This multilayer wetting behaviour dif-
fers from that of Pt(111) where the
√
39 monolayer is restructured as multilayer water is
adsorbed, forming incommensurate ice crystallites several layers thick oriented to the Pt
close packed directions [136]. Future study of this system may focus on using STM and
LEED-IV in conjunction with DFT simulations in order to reveal the molecular arrange-
ment of the multilayer water.
6.6 The effect of water adsorption on the template: a LEED-IV, DFT
and SXRD approach
The structure and bonding of water at surfaces is central to electrochemical reactions in
aqueous electrolytes, gaining a clearer understanding of the role water plays is vital if the
interface is to be accurately modelled at the molecular level. Previously the focus has been
on the effect the substrate has on the water layer, here we address the effect adsorption of
water has upon the surface structure of the substitutional (
√
3×√3)R30◦ Sn/Pt alloy, and
consider the implications this has upon its reactivity. The degree to which Sn buckles out
from the surface was investigated both experimentally by surface X-ray scattering (SXRS),
and LEED-IV, as well as theoretically modelled using DFT. By comparing our experimental
LEED-IV findings with DFT calculations we show that water has a significant effect on the
degree of Sn buckling, causing an outward expansion of the surface, in good agreement
with previous in-situ electrochemical experiments.
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6.6.1 SXRS experimental details
LEED-IV experiments reported here were conducted in an UHV chamber with a base pres-
sure of 6× 10−11 mbar. The √3 Sn/Pt surface alloy was prepared as previously described
in section 6.2. Surface quality was determined by TPD, LEED, and HAS [13]. Water was
dosed via a molecular beam and the relative coverage was calculated by integrating the
water TPD signal, with one layer being defined as the coverage just prior to the appear-
ance of a multilayer desorption peak. LEED-IV of the water films was recorded using a
low current (<1 nA), dual-multichannel-plate amplifier to minimize electron damage.
SXRS experiments were conducted on ID32 at the ESRF. The (
√
3×√3)R30◦ surface al-
loy was prepared in the same manner as detailed above, with the alloy quality verified with
LEED. The sample was transported, under UHV conditions, to the X-ray diffractometer by
means of the portable TRECXI chamber, (for more details on this system see reference
[115]). The crystal was indexed to a conventional hexagonal unit cell for a f.c.c.(111)
surface e.g. Pt(111), where the surface normal is along the (0,0,l)hex direction and the
(h,0,0) )hex and (0,k,0) )hex directions lie in the surface plane. Once mounted on the
diffractometer the sample was aligned, using the (1 0 1) and (0 1 2) Bragg peaks. Five
symmetrically independent CTRs were used to fully characterise the alloy surface, along
with two fractional order CTRs sensitive to the superstructure. The CTRs were truncated
to only include high Q components to improve the sensitivity to surface relaxation (where
Q is the momentum transfer), these were fitted simultaneously using a least squares re-
finement procedure, described in more detail below. For more details about SXRS see
section 2.8 in chapter 2. The SXRS measurements were conducted with A. Brownrigg, M.
Darlington, C. A. Lucas (University of Liverpool), and Y. Gru¨nder (University of Manch-
ester) with the help/support of the ID32 scientific research staff.
6.6.2 Previous DFT work in comparison to our study
6.6.3 DFT compared to LEED-IV model
The alloy surface was characterised using X-ray scattering, by recording a series of mea-
surements and subsequently modelling them. The alloy superlattice gives rise to addi-
tional scattering features at 1/3 integer (h,k,l) positions compared to a single crystal fcc
metal. Figure 6.17 shows the CTR data measured. Five symmetrically independent CTRs
were recorded alongside two fractional order CTRs, sensitive to the surface superstruc-
ture. Each of the circular data points represents background-subtracted integrated inten-
sities from rocking scans at each point, l (Miller index), along the CTRs. The solid line
corresponds to a best fit to the data using a structural model consisting of a
√
3 Sn/Pt unit
cell, atop three pure Pt layers. The bottom Pt layer was fixed, and the remaining layers
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Figure 6.17: SXRS characterisation of the (
√
3 × √3)R30◦ Sn/Pt(111) surface alloy.(a) Shows
five symmetrically independent CTRs, which were recorded alongside (b) two frac-
tional order CTRs, sensitive to the surface superstructure. Each of the circular data
points represents background-subtracted integrated intensities from rocking scans
at each point, l, along the CTRs. The solid line corresponds to a best fit to the data
using a structural model consisting of a
√
3 Sn/Pt unit cell, atop three pure Pt layers
(see text).
were allowed to expand or contract along the surface normal direction. The Sn atoms in
the outermost layer were able to relax or buckle independently of the Pt atoms, which
were grouped. The model gives four variable relaxation parameters in total: expansion or
contraction along the surface normal of; the two pure Pt layers, the Pt in the outermost
mixed Sn/Pt layer and finally the Sn atoms in the outermost layer. The experimental data
was truncated to remove data recorded at low l, this improves the surface sensitivity and
subsequently the fit to the model. Analysis of the data shows that Sn atoms in the topmost
layer buckle outwards by 0.19 ± 0.005 A˚. Layers beneath the topmost layer were found to
be essentially unaffected by the surface alloying, retaining an approximately bulk Pt spac-
ing. The l dependence of the scattering at the 1/3 integer (h k l) positions is particularly
sensitive to the buckling at the surface. This finding is concordant both with previous UHV
structural studies of this alloy, see table 6.4 and reference [220], and with our LEED-IV
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and DFT investigation.
Table 6.4: Comparing the values of the outward buckling of Sn from the
√
3 Sn/Pt surface in
both our present and previous work to that of other studies.
Clean (
√
3×√3)R30◦ Sn/Pt(111) alloy dz Sn-Pt (Å)
SXRS 0.19 ± 0.005
LEED-IV 0.20 ± 0.03
DFT 0.257
LEIS [74] 0.22 ± 0.05
LEED-IV [69] 0.23 ± 0.05
DFT [30] 0.226
Computational method [89] 0.23
Water covered (
√
3×√3)R30◦ Sn/Pt(111) alloy
LEED-IV [13] 0.36 ± 0.03
DFT [13] 0.44
Figure 6.18: Rocking scans performed through (a) (1, 0, 2.3) a surface sensitive, anti-bragg posi-
tion and (b) (1/3, 1/3, 0.3) which is a position sensitive to the ordered (
√
3×√3)R30◦
Sn/Pt(111) superstructure. The black circles represent the points of measured inten-
sity, and the solid black line is the calculated fit to the data.
Rocking scans recorded at surface sensitive anti-bragg positions, figure 6.18, vividly
highlight the surface nature of the alloy in contrast to the bulk crystal. Figure 6.18 (a)
clearly shows a double peak line shape, due to the scattering from the
√
3 Sn/Pt surface
alloy (giving rise to the broad component of the peak) and the underlying bulk Pt(111)
(sharp peak component). The domain size of the
√
3 Sn/Pt structure can be calculated
from the inverse of the full width at half maximum amplitude (FWHM), using L = 2pi/∆Q
we find this to be 79 A˚ and 135 A˚ from the (1, 0, 2.3) and (1/3, 1/3, 0.3) rocking scans
respectively, figure 6.18. (This corresponds to approximately 8 to 14% of the coherence
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length of the underlying Pt(111) crystal). The difference in the coherence lengths calcu-
lated for the
√
3 Sn/Pt structure is indicative of the existence of domain boundaries.
Figure 6.19: Best fit LEED I-V curves (red) plotted against the experimental data (black), with
R factors per beam given. The profiles of the (1/3,1/3) (1,0) (0,1) (2/3, 2/3) (4/3, 1/3) (1/3,
4/3) (1,1) (2,0) (0,2) (2/3, 5/3) (5/3, 2/3) (4/3, 4/3) (7/3, 1/3) (1/3, 7/3) (2,1) (1,2) (0,3) and (3,0)
following a 35 eV to 600 eV IV scans are presented. The overall R factor for this
analysis is 0.23.
The well ordered nature of the
√
3 Sn/Pt alloy, established with SXRS, allows us to
use dynamical LEED as another technique to access information about the expansion or
contraction of the surface structure (the three to four outermost layers) under UHV con-
ditions. LEED-IV data were recorded at 100 K in order to facilitate comparison with the
water covered alloy, which we will discuss later. Eighteen beams were recorded, from 35
eV to 600 eV, giving a cumulative energy range of 5235 eV, figure 6.19. Dynamical LEED
structure calculations were performed by K. Pussi (Lappeenranta University of Technol-
ogy, Finland) using the tensor-LEED program with relativistic phase shifts [212, 213]. The
Pendry R factor was used to quantify the agreement between the model and experiment
and error bars quoted are calculated using the Pendry RR function [106]. A model consist-
ing of a mixed Sn/Pt layer with
√
3 symmetry was used, as this alloy has been previously
identified as substitutional in character. In order to achieve a good level of agreement
with the experimental data, the Sn atoms had to be displaced outwards by 0.20 ± 0.03 A˚
above the first layer Pt atoms. The interlayer spacing of the four layers beneath the top-
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most layer, consisting of Pt atoms only, also altered marginally but remained within the
error limits of this analysis. The overall R factor resulting from the experimental LEED-IV
analysis was 0.23.
To provide a comparison to our experimental findings, DFT was used to model the
clean alloy surface. Calculations were conducted by G.R. Darling, using the VASP code.
The alloy was modelled using a five layer slab, with three of the layers fixed in a (2
√
3 ×
2
√
3) supercell. Valence electron-core interactions were included using the projector aug-
mented wave method [210], with the Perdew-Burke-Ernzerhof generalized gradient ap-
proximation functional for exchange and correlation. The calculations employed a set of
13 k points in a 5×5×1 grid, a vacuum gap of 16 A˚, with a cutoff energy of 400 eV and
dipole corrections perpendicular to the surface. As seen in both our SXRS and LEED-IV
data, the Sn buckles outward from the topmost layer, DFT also finds this to be the case,
with a buckling of 0.257 A˚.
The experimentally determined buckling of Sn out from the surface in this study was
found to be between 0.19 ± 0.005 A˚ and 0.20 ± 0.03 A˚ from SXRS and LEED-IV respec-
tively (see table 6.4 ). We find our values agree favourably compared with the earlier
experimental studies of Overbury [74] and Atrei [69], table 6.4. Turning our attention
to the theoretical model, we find the degree of buckling calculated by DFT to be ≈0.06
A˚ greater than that determined experimentally. Taking into account the ab initio nature
of the calculation, the difference between the experimental and theoretically determined
degree of buckling is reasonable. Fearon et al. [30] and Pick [89] both calculate the buck-
ling to be approximately 0.03 A˚ lower than our DFT value, however, due to significant
differences in the theoretical methodologies utilised, direct comparison of these calcu-
lated values must be treated with caution. Looking more closely at Fearon and Watson’s
[30] DFT study, we notice that they used a five layer slab, as we did, however, they mod-
elled it with Sn atoms adsorbed on both the top and bottom to overcome the formation of
a slab dipole. They allowed all five layers to relax, but with Sn present in both the top and
bottom layers it seems unlikely that the remaining three layers of pure Pt behave akin to
bulk Pt.
In order to probe what effect the number of fixed versus mobile layers has upon the
degree of Sn buckling calculated, we set up a series of DFT calculations, see table 6.5.
Using PW91 (as Fearon [30] did) and fixing three of the five layers in the slab, we cal-
culated Sn to buckle out of the surface by 0.225 A˚, extremely close to the 0.226 A˚ value
Fearon reported. Reviewing the values reported in table 6.5, we find varying the exchange
correlation function has an effect on the buckling of 0.032 A˚, whereas changing the lattice
constant used, whilst maintaining the same exchange correlation function, has an effect
of 0.026 A˚ upon the predicted buckling. Changing the number of fixed layers in the slab
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from two to three, only results in a decrease in the buckling of 0.003 A˚, rendering this
effect an order of magnitude smaller than the choice of exchange correlation function or
lattice parameter. Taking these factors into account, DFT finds the buckling of Sn out of
the surface to be in the range 0.23 - 0.26 A˚. This buckling is within the upper error limits
of that determined experimentally, i.e. DFT appears to be in agreement if tending towards
a slight overestimate of the buckling actually observed. This finding compares well with
previous attempts to compare the experimentally determined buckling of bimetallic alloys
against theoretically (DFT) determined values. Harrison et al.[221] found a number of
systems with discrepancies of more than 0.1 A˚ between experimental and theoretically
determined values, so our findings look to be in good agreement with the experimental
data.
Table 6.5: Exploring the effect of altering the calculation set up upon the Sn buckling value. The
experimental lattice constant used was 3.92 Å and the computed lattice constant was
3.976 Å. As a comparison Fearon et al.[30] used a lattice value of 3.958 Å.
Lattice constant used Pseudopotential
or PAW used
GGA exchange
correlation
functional used
Slab dz Sn-Pt (Å)
Experimental Ultrasoft pseu-
dopotentials
PW91 5 layers,
3 fixed
0.225
Experimental PAW PBE 5 layers,
3 fixed
0.257
Experimental PAW PBE 5 layers,
2 fixed
0.26
Computed PAW PBE 5 layers,
2 fixed
0.234
Having established that the Sn atoms buckle out of the topmost layer of the clean alloy
surface by ≈ 0.20 A˚, we now focus on the effect water adsorption has upon the substrate.
As described in section 6.3, a LEED-IV investigation of the water covered alloy found Sn
to buckle out of the uppermost layer by 0.36 ± 0.03 A˚, an increase of 0.16 ± 0.03 A˚
with respect to the clean alloy, figure 6.7. The interlayer spacing between the first and
second layer Pt atoms was also found to be altered from 2.19 ± 0.03 A˚ in the case of
the clean surface to 2.25 ± 0.03 A˚ when water covered, an increase of 0.06 A˚. As the
interlayer spacing of the underlying layers remains essentially unchanged this represents
an expansion of the first layer of Pt by approximately 3% compared to the bulk. The
water layer was also modelled using DFT (calculated in the same manner as described
for the clean alloy [13]) to complement the experimental data, figure 6.7. The most
energetically favourable structure determined was in essence the same as found by LEED-
IV, a water “bilayer” type structure with water bound flat on top of the Sn, and H-down
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over Pt. Unlike the LEED-IV investigation the interlayer spacing was unaltered upon water
adsorption onto the alloy, but the buckling of the Sn atoms increased by≈ 0.14 A˚ when the
surface was water covered. The LEED-IV and DFT water models agree well, only differing
with respect to the H-Pt distance; LEED-IV finds the H atom 0.16 A˚ closer to the Pt than
in the DFT structure. LEED-IV finds that the Pt atom directly beneath the H-down water
is slightly contracted with respect to the bare Pt atom, whereas DFT finds the contrary.
The LEED-IV and DFT studies reported here show that water affects an increase in the
buckling of the Sn atoms by up to 80% relative to the buckling of the clean alloy surface. In
order to put our findings in context it is useful to consider the work conducted on the Sn/Pt
alloy system in the electrochemical environment, and explore what parallels exist between
the in-situ and UHV investigations. Careful comparison with experiments conducted at
the electrochemical interface may lead us to a deeper understanding of the processes
occurring at the surface, and enable the conclusions drawn from UHV experiments to
bridge the so called “emersion gap” [222]. Lucas, Markovic´ and co-workers [73, 86]
studied the bulk Pt3Sn(111) single crystal alloy, which has a p(2 × 2) termination, using
SXRS and 0.5 M H2SO4 electrolyte under potential control. In the low potential region
(0.05 V) hydrogen adsorbs onto the surface Pt atoms, causing an outward expansion of
2.3% of the bulk lattice spacing. The reduced hydrogen coverage on the alloy surface,
compared to Sn-free Pt(111), led Stamenkovic´ et al. to conclude that Sn does not adsorb
hydrogen [73]. As the potential is increased to 0.5 - 0.55 V the hydrogen adsorbed on
the surface Pt is replaced by (bi)sulfate anions, whilst OH is adsorbed onto the Sn atoms.
Adsorption of OH onto Sn was found to result in an increase in the outward buckling of the
Sn atoms by 0.15 ± 0.02 A˚ or 6.5 [86] to 8.5% [73] of the (111) layer spacing. However,
the precise nature of the adsorption site of OH is still unresolved [73, 90]. Energetically
OH is calculated to bind more strongly to Sn than Pt [91], yet in the presence of water
this may not be the case. In-situ electrochemical investigations into this issue, conducted
by Stamenkovic´ et al. [73], suggested the simultaneous existence of oxidized Sn atoms
covered with OHads, and “non-oxidized” surface Sn atoms. Hayden and co-workers [88]
have a differing view, instead regarding all surface Sn atoms to be in the same oxidation
state, associated with OHads, through the activation of water. Lively debate exists in the
literature regarding the exact adsorption site of OHads and/or water [73, 88, 90] and if
Sn does in fact promote the activation of water under potential control [91–95]. There is
even debate about the precise nature of the oxygenated species absorbed on Sn, which is
typically referred to as OHads for simplicity [73].
The findings from the electrochemical studies indicate similar expansions (outward
buckling) as our UHV study found for water adsorption, the Pt being expanded by ≈ 2.3%
[86] (seen by Gallagher et al. upon adsorption of under potential deposited hydrogen)
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compared to our ≈ 3% in UHV. However, despite the similarity water remains intact on
the
√
3 Sn/Pt surface in UHV, whereas in the electrochemical environment this appears to
not be the case. A series of DFT models were created in order to explore the stability of
dissociated over intact water structures on the
√
3 Sn/Pt surface, table 6.6. An isolated
dissociated water molecule with OH on Sn and the H atom on either Pt or on Sn, were
both found to have a lower binding energy than an isolated intact water molecule bound
to Sn. H binding to Pt was found be more favourable than to Sn, which is in line with
previous findings [73, 86]. However, the exact H binding site may differ across the
√
3
and (2 × 2) alloys, as no pure Pt threefold hollow sites exist on the √3 surface [82]. An
extended mixed OH/H2O layer, with OH binding on Sn, also appears less stable than an
intact water layer, having a binding energy of only 0.166 eV/surface species compared to
0.6 eV/H2O of the intact water layer. The relative instability of these model structures
agrees well with the experimental UHV findings, that the water layer remains intact on
the
√
3 Sn/Pt surface [13, 83]. The low stability of OH on this surface suggests that water
may be the species binding to Sn under electrochemical conditions instead of OH. The
outward buckling of the Sn atoms from the surface is strongly enhanced by dissociated
water, see table 6.6, to an even greater extent than the buckling observed under electro-
chemical conditions as a precursor to Sn dissolution [86]. This large difference between
the calculated and experimentally determined buckling suggests that OH is not the species
present on the electrochemical surface. Instead, our findings suggest that at low potential
(0.05 V region [86]) water is adsorbed H-down changing to adsorbing through the oxygen
atom on the Sn sites at higher potentials (0.55 V and greater [86]).
Table 6.6: Comparing the buckling of Sn out of the surface of four DFT model structures; an
isolated dissociated H2O with OH on Sn and H either on Pt or Sn, a mixed OH/H2O
layer and an intact isolated H2O molecule on Sn. The binding energies given with +
signs show these layers/species are unstable on the
√
3 Sn/Pt(111) surface.
Surface Outward buckling of Sn (Å) Binding energy (eV)
Dissociated H2O, H on Pt, OH on Sn 0.870 + 0.07
Dissociated H2O, H and OH on Sn 0.835 + 1.4
Mixed OH/H2O layer, OH on Sn 0.798 – 0.166
Isolated intact H2O, on Sn 0.385 – 0.277
The similarities found between the increased Sn buckling in both our LEED-IV (0.16
± 0.03 A˚) and DFT (0.14 A˚) studies and the electrochemical data of 0.15 ± 0.02 A˚(or
approximately 7 to 8% of the bulk lattice spacing, which sits within the 6.5 to 8.5% range
quoted by refs [73, 86]) is encouraging. The correlation between experimental data col-
lected under the “ideal” conditions created in the UHV chamber, with the somewhat more
realistic electrochemical interface leads us to continue this theme of how the surface be-
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haves under near ambient conditions. Once the UHV SXRD characterisation of the
√
3
Sn/Pt alloy was completed the chamber was vented (with Ar or N2) to atmospheric pres-
sure. At atmospheric pressure the
√
3 ordering was found to have been destroyed. The
X-ray diffraction profile of the surface instead appeared to resemble a dilute, disordered
Pt/Sn alloy, approximately three layers thick. Under electrochemical conditions (0.1 M
KOH electrolyte under potential control) the cyclic voltammetry (CV) behaviour also sup-
ported the presence of a modified Pt(111) surface, however, as a Sn/Pt alloy has never
been measured under alkaline solution there is no information available for direct com-
parison. This loss of Sn ordering in the surface appeared to be irreversible under electro-
chemical control i.e. at no potential investigated during the CV cycle did the
√
3 ordering
re-appear. Hayden et al. [88] transferred Sn/Pt surface alloys prepared under UHV to
atmospheric conditions, however, the surface order was not examined after transfer. Sn
undoubtedly remained at the surface (from the reported cyclic voltammograms) but not
necessarily retaining the order it had under UHV conditions. It seems surprising that this
alloy would not be atmospherically stable and envisaging a degradation pathway simply
due to a change in the pressure around the sample seems implausible. This leads to the
conclusion that contamination [223] caused the dealloying of Sn observed. One possi-
bility is that oxygen contamination generated ozone under exposure to the X-ray beam,
leading to the formation of tin oxide particles [80, 84].
In conclusion, we report that the modification of substitutional alloys by water adsorp-
tion increases the surface buckling of Sn atoms by as much as 80% of that of the clean
surface. This significant increase in surface buckling causes local redistribution of elec-
tronic charge, which in turn, modifies the reactivity and properties of the interface. Using
SXRS, we determined that the (
√
3×√3)R30◦ Sn/Pt alloy is a true substitutional surface
alloy, with Sn atoms present only in the outermost layer. The degree to which Sn buckles
out from the clean surface was experimentally measured at 0.19 ± 0.005 A˚ and 0.20 ±
0.03 A˚ by SXRS and LEED-IV, respectively. These values are in agreement with DFT cal-
culations, which find Sn buckling to be 0.257 A˚, and are consistent with previous studies
[30, 69, 74, 89]. Considering our results in the context of previous in-situ electrochemical
studies leads us to conclude that the significant effect water adsorption has upon an al-
loy surface cannot be overlooked when modelling these systems. Understanding the role
water plays in the aqueous electrochemical environment is crucial in order to achieve an
accurate description of the interfacial region, at the molecular level.
6.7 Conclusions
Recent studies show that water structures based on the traditional ‘icelike’ bilayer are
not stable on flat transition metal surfaces and, instead, more complex wetting layers
148
6.7. Conclusions
are formed. Here we show that an ordered bilayer can be formed on a (
√
3 × √3)R30◦
Sn/Pt(111) alloy template and determine the structure of the water layer by HAS and
LEED-IV. Close agreement is found between experiment and the structure calculated by
DFT. Corrugation of the alloy surface allows only alternate water molecules to chemisorb,
stabilizing the H-down water bilayer by reducing the metal-hydrogen repulsion compared
to a flat surface. Altering the symmetry of this alloy to instead form a c(2× 2) Sn/Pt(111)
surface demonstrates the surface sensitivity of the water layer. Instead of again form-
ing a simple commensurate bilayer structure, a complex pseudo-incommensurate (
√
52×√
52)R13.9◦ structure is found, more akin to the water structure reported on Pt(111)
[51, 57] than on
√
3 Sn/Pt alloy. Maintaining the (
√
3 × √3)R30◦ symmetry but instead
changing the host metal from Pt to
√
3 Sn/M (where M = Rh, Cu and Ni (111)) resulted in
no stable wetting layers being formed. For
√
3 Sn/Cu and Sn/Ni surfaces the short lattice
spacing causes the water layer to buckle preventing half of the water molecules directly
binding to the Sn atoms but for larger lattice parameters (e.g.
√
3 Sn/Rh) the electronic
effect appears to be the crucial factor to the wetting/non-wetting behaviour. The elec-
tronic effect of alloying the surface appears to result in the Sn atoms becoming less able
to accept electron density from the oxygen water lone pair in water on all
√
3 Sn/M alloys
where M is not Pt. The reduced water-metal interaction on these
√
3 Sn/M alloys pro-
motes water clustering in order to optimise the H-bonding interactions in preference to
forming a continuous wetting layer.
Going on from the “ice-like” structure of the first water layer on
√
3 Sn/Pt surface leads
us to question how this will impact multilayer growth. The first water layer is optimised
to maximise its bonding to the substrate as well as its intermolecular hydrogen bonding,
as highlighted by the structural sensitivity of the water layer to the underlying substrate.
Multilayer water is not however bound by the same constraints, and will relax to a bulk
ice Ih structure. As multilayer water strives to optimise its hydrogen bonding interactions
it can modify its structure in a number of ways, it may form an H ordered structure,
an ordered O superstructure or it could adapt its lateral density in order to minimise
strain and maximise H-bond interactions. Despite the first layer of water on the
√
3 Sn/Pt
surface adopting an “ice-like” bilayer in registry with the substrate, its lateral spacing is not
equivalent to bulk ice. We find a (4
√
3× 4√34)R30◦ ordered superstructure forms during
multilayer growth and persists to at least 27 layers of water. This multilayer wetting
behaviour differs from that of Pt(111) where the
√
39 monolayer structure disappears as
the number of ice crystallites increases to form the incommensurate bulk ice layer (>50
ML) [136]. In order to access detailed information about the molecular arrangement of
the multilayer requires further investigation using STM in conjunction with LEED-IV and
DFT modelling.
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Altering the focus from the effect the surface has on the water structure we instead
considered how the adsorption of water impacts upon the alloy
√
3 Sn/Pt surface. We
find that the adsorption of water increases the surface buckling of the Sn atoms by as
much as 80% of that of the clean surface. The significant increase in surface buckling
causes local redistribution of electronic charge, modifying the reactivity and properties of
the interface. Considering our results in the context of previous in-situ electrochemical
studies leads to the conclusion that the effect water adsorption has upon an alloy surface
cannot be overlooked when modelling these systems and may explain the expansion pre-
viously associated with OH formation. Understanding the role water plays in the aqueous
electrochemical environment is crucial in order to achieve an accurate description of the
interfacial region, at the molecular level.
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Chapter 7
Conclusions
The work presented in this thesis has set out to investigate the remarkable structural flex-
ibility of water at the metal interface. The bilayer model has been previously shown to
be an over simplification and provides an inadequate description of the structure water
adopts on metal surfaces [1]. The water layer is instead found to adapt its structure in
order to achieve a compromise between optimising its surface (water-metal) and inter-
molecular (water-water) interactions. This compromise leads to water layers that do not
stay in strict registry with the substrate, instead forming more complex (large unit cell)
or inherently partially disordered structures, which strike a balance between the water-
metal interaction and optimising the layer’s lateral density. The substrate can be altered
by the introduction of a second metal, and the effect upon the adsorption of water and the
structure adopted has been explored. Based on our improved understanding of the water-
surface interaction, and the factors governing the structure of a water layer, we are able
to design an atomic scale template capable of stabilising a traditional, ordered “ice-like”
bilayer, the first time such a structure has been observed.
We initially focus on the structure of the water layer formed on the non-templated
single crystal Pd(111) and Ni(110) surfaces. In chapter 3 the water layer on Pd(111) has
been shown to forsake a single, fixed adsorption site, instead losing strict registry with
the underlying surface in order to optimise its lateral density. The water layer instead
comprises regions of flat water, lying atop Pd(111) in a (
√
3 × √3)R30◦ arrangement,
separated by anti-phase domain boundaries with a periodicity of the order 7±1 units. Do-
main boundaries are formed in order to relieve strain between commensurate flat water
clusters. Water in the domain boundaries forms from H bonded rings of water, oriented
mostly H down, interacting weakly with the surface. Although LEED shows there to be
order in the O locations, the layer does not form a precisely defined superstructure and
HAS shows the layer to remain disordered at the local level. The overall arrangement of
the wetting layer consists of regions of flat lying water, tightly bound to the metal, within
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a loosely bonded H-down water network, whose structure is disordered and presently un-
known. This water layer has similarities to the behaviour of water observed on Ru(0001)
[3] and Pt(111) [51, 57], where the water structures are driven by the balance between
optimising the proportion of flat lying water bound to the surface, within an extended H-
bonding network, largely completed by H-down oriented molecules. The effect of altering
the balance of the water-water and water-metal interactions can be demonstrated by the
coadsorption of adatoms. Here, we showed how coadsorbing hydrogen on the Pd(111)
surface caused the previously hydrophilic surface to become hydrophobic, leading to wa-
ter clustering on the surface instead of forming a wetting layer.
Turning our attention to the more open and reactive Ni(110) surface, the structure and
stability of intact water was investigated using STM (chapter 4). The point at which water
dissociates on the Ni(110) surface has been a much debated issue, hence the interest in
exploring this problem. A prediction had also been made by Carrasco et al. [11] that the
intact water structure (at low coverage) would be made of pentagonal water chains, as
has been reported on Cu(110), in favour of the more typically expected hexagonal rings.
Although the study performed here was only a preliminary investigation some tentative
conclusions can be drawn from the findings. The water structures observed above 100
K do not appear to be pentagonal chains, nor do they grow along the [001] direction as
they do on Cu(110). Instead, all water structures observed are aligned along the close
packed [11¯0] direction and more than one type of structure is seen. At 110 K a mixture
of hexagonal chains and diffuse zig-zag chains are recorded. As the dose temperature
is increased the ratio of hexagonal chains to diffuse zig-zags increases until at 200 K no
diffuse zig-zag like features remain. Comparing these findings to the structures seen on a
Ni(110) surface that has been pre-dosed with oxygen prior to water exposure, leads us to
conclude that at all temperatures investigated here water is at least partially dissociated
on clean Ni(110). The labile (diffuse) zig-zag chains seen at the lower dose temperatures
could be formed from intact water molecules surrounded by the mixed OH/H2O hexago-
nal chains. As the dose temperature is increased the proportion of OH increases, pinning
these structures rigidly to the surface and accounting for the loss of the labile structures
we have associated with intact water. Further research is required into this system, specif-
ically to establish if water will adsorb intact on Ni(110) at low temperature. Since intact
water was not found during this preliminary investigation, Carrasco et al.’s prediction of
water forming pentagonal chains can be neither confirmed nor disproved at this stage.
Having examined how the structure that water adopts depends on the lattice parame-
ter and surface arrangement of atoms on the Pd(111) and Ni(110) surfaces, we turn our
attention to the possibility of perturbing the surface to affect the water structure. The
water structure on Pt(111) has been well studied, and is known to form a well ordered
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wetting layer with a large unit cell [12, 51, 57, 136, 138]. Altering the properties of the
Pt(111) surface either electronically or geometrically will impact upon both the adsorp-
tion of water and the structure water favours. In chapter 5 a modified Pt surface is created
by preparing a thin layer of Pt on Ni(111). Modifying the electronic structure of Pt by dos-
ing it onto Ni effects the electronic structure of Pt in two ways, firstly by the effect of the
underlying Ni atoms and secondly by the increased orbital intermixing of the neighbour-
ing Pt atoms, as the smaller Ni lattice spacing causes the lateral spacing of the Pt atoms
to be contracted relative to a bulk Pt crystal (≈ 4.7% compressed [184]). Water appears
to spontaneously dissociate on this Pt/Ni(111) surface, a departure from the behaviour
of both of its constituent elements. The negligible effect pre-dosing the surface with oxy-
gen has on the water TPD peak desorption temperature shows that the mixed OH/H2O
phase is less stable on the Pt/Ni(111) surface than on Pt(111). The balance between the
greater reactivity towards water but the lower stability of the OH (mixed OH/H2O phase)
is the likely reason the Pt/Ni(111) system has an enhanced ORR activity over Pt(111)
[70, 72, 97, 201]. The instability of the OHads species on Pt/Ni renders them unlikely
to poison the surface, as they are thought to on Pt(111), leading to the improved ORR
efficiency reported [72, 176, 201].
The concept of altering the surface in order to direct the structure of the water layer
formed culminates in the fabrication of a templated surface, designed to stabilise a tra-
ditional “ice-like” bilayer, as reported in chapter 6. It was found that a Pt(111) surface
templated with Sn to create a (
√
3 × √3)R30◦ surface alloy will stabilise an ice-like wa-
ter bilayer. The range of templates which will stabilise an ice-like bilayer was explored,
firstly by altering the surface symmetry of the Sn/Pt alloy and secondly by varying the host
metals. Changing the symmetry of this surface from
√
3 to a c(2 × 2) surface alloy had a
drastic impact on the water layer, resulting in the formation of a pseudo-commensurate,
large-unit cell water structure, somewhat analogous to the structures formed on Pt(111).
Maintaining the (
√
3×√3)R30◦ symmetry and instead altering the host metal from Pt to√
3 Sn/M (where M = Rh, Cu and Ni(111)) resulted in no stable wetting structures being
formed. Considering that both Rh and Ni(111) are wetting surfaces prior to Sn templat-
ing, this is a marked change in behaviour. The electronic effect of alloying Sn with these
metals appears to be the reason for the non-wetting behaviour observed. The Sn atoms
become less able to accept electron density from the O of the water molecule, reducing the
strength of the water-Sn interaction and leading to clustering (optimising the H-bonding)
rather than the formation of a continuous wetting layer.
Going on from the “ice-like” structure of the first water layer on
√
3 Sn/Pt surface leads
us to question how this will impact multilayer growth. As highlighted earlier, the first wa-
ter layer is optimised to maximise its bonding to the substrate as well as its intermolecular
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hydrogen bonding. Multilayer water is not bound by the same constraints, and so may
not necessarily form a continuous wetting structure on top of the first layer. As multilayer
water seeks to optimise its hydrogen bonding interactions it can adapt its structure in a
number of ways, it may form an H ordered structure, an ordered O superstructure or it
could adapt its lateral density (forming domain boundaries) in order to minimise strain
and maximise H-bond interactions. Despite the first layer of water on the
√
3 Sn/Pt sur-
face adopting an “ice-like” bilayer in registry with the substrate, its lateral spacing is not
equivalent to bulk ice. We find a (4
√
3 × 4√3)R30◦ ordered superstructure forms during
multilayer growth and persists to at least 27 layers of water. This multilayer wetting be-
haviour differs from that of Pt(111) where the
√
39 structure weakens as the number of ice
crystallites increases prior to restructuring of the film to form an incommensurate bulk ice
layer (>50 ML) [136]. Future study of this system may focus on using STM and LEED-IV
in conjunction with DFT simulations in order to reveal the molecular arrangement of the
multilayer water.
7.1 Outlook
The clear pattern that emerges from our experimental findings is that the water structure
is determined by the balance between the intermolecular H-bonds and the water-metal
bond strength. This balance renders the structure of the water layer sensitive to the spe-
cific substrate and provides a far better rationalisation of the water structure observed
than the bilayer model. Water molecules have a preference to bind flat to the surface
(often at the atop adsorption site) in order to achieve an optimal water-metal interaction.
Water molecules not accommodated at the atop sites will bind at less favourable sites
(non-bonded or only weakly bonded to the surface) in order to complete the H-bonding
network. We have shown DFT calculations to be in good agreement with the experi-
mental data, which might have been considered surprising given DFT’s poor treatment of
dispersion forces. Abandoning the bilayer model and identifying the balance of water-M
and water-water bonds as the factors determining the water structure is a major step for-
wards, paving the way for the remaining challenges to be tackled. Ultimately, the ability
to predict a priori the structure water would adopt on an as yet untested surface or even
an hypothesised alloy, is the goal [224]. Establishing what happens beyond the first water
layer and exactly how the first layer directs the structure of subsequent water layers is
also of interest. Investigating multilayer water is a challenging prospect both to experi-
ment and theory. Optimising theoretical approaches to allow larger systems to be tackled
with greater accuracy and better modelling of dispersive forces would facilitate study of
complex structures and multilayer systems. Experimentally targeting well-defined multi-
layer structures, such as the (4
√
3 × 4√3)R30◦ mentioned above, could provide a route
154
7.1. Outlook
to revealing the organisation of water molecules at the molecular level. Achieving a full
picture of the nature of water bonding and structure at surfaces requires the continued
development of a combined approach using surface science, electrochemistry and theory.
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Appendix A
Figure 10.1: LEED images of oxygen on Ni(111) before ((a) and (c)) and after ((b) and (d)) water
adsorption/desorption. (a) Approximately 0.33 ML oxygen dosed onto Ni(111),
109 eV, (b) is sample (a) after one layer of water has been adsorbed and desorbed,
110 eV. (c) Approximately 0.25 ML of oxygen on Ni(111) at 110 eV (d) shows
preparation (c) after adsorption and desorption of a combined total of approximately
13 layers of water, 110 eV.
The previous structural assignments of water on an oxygen pre-dosed Ni(111) sur-
face [28, 190] assume the oxygen atoms are unperturbed by water adsorption. This has
been the prevailing opinion held in the literature for oxygen on Ni(111), however, on a
preliminary investigation into the dose of oxygen required to form a (2 × 2) structure
an interesting effect was witnessed, figure 10.1. In this work adsorbing approximately
0.33 ML coverage of oxygen on Ni(111) at low temperature, briefly annealing to 223-273
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K, resulted in the formation of a (
√
3 × √3)R30◦ structure, figure 10.1 (a), after adsorp-
tion/desorption of water the oxygen layer changed to a disordered (2 × 2) structure,
figure 10.1 (b). Dosing slightly less oxygen onto the surface, ≈ 0.25 ML, formed a well or-
dered (2 × 2) structure, figure 10.1 (c), after several water adsorption/desorption cycles
this to had become a disordered (2 × 2) structure, figure 10.1 (d).
Figure 10.2: LEED images of co-adsorbed oxygen and water. (a) A (
√
3×√3)R30◦ oxygen layer
(approx 0.33 ML) dosed with the equivalent of a saturation coverage of water. None
of the
√
3 spots are visible, only a faint (2 × 2) structure is distinguishable. The
LEED image was recorded at a beam energy of 110 eV. (b) A (2 × 2) oxygen layer
(approx. 0.25 ML) was similarly treated with a saturation layer of water. The (2 ×
2) spots are still visible, with the intensities of the spots only marginally attenuated
with respect to the water-free surface. LEED image was recorded at a beam energy
of 110 eV. Water was dosed at 133 K in both cases. (These water covered LEED
patterns are in reasonable agreement with the literature [27–29]).
The effect of water adsorption/desorption altering the LEED pattern is not simply due
to the anneal temperature used when conducting the water TPD. Figure 10.2 shows oxy-
gen surfaces with the water layer still present, as clear in figure 10.2 (a) the previously
sharp
√
3 oxygen pattern has disappeared entirely, leaving diffuse intensity at the (2 × 2)
positions. The initially sharp (2 × 2) oxygen pattern appears virtually unchanged, figure
10.2 (b), with only a slight increase in the background intensity. Considering the coverage
of oxygen is higher on the
√
3 oxygen surface, it seems puzzling that adding water even,
at low temperature, results in a (2 × 2) pattern typical of a lower oxygen coverage. Unfor-
tunately, due to time constraints this investigation is as yet incomplete, however, it does
give a tantalising suggestion that oxygen is not unaffected by the adsorption of water, as
previously thought.
A similar effect has been proposed to occur on the Ru(0001) surface studied by Maier et
al.[225]. Using low temperature STM coupled with DFT they found that half of the O(ads)
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atoms were displaced from their favoured hcp to fcc sites on the adsorption of water. This
relocation of half of the oxygen atoms allows water to simultaneously bind directly to the
newly exposed Ru and form strong H-bonds to the O atoms, thus compensating for the
reconstruction of the O(ads) layer. Although it is not yet clear exactly what phase is being
formed on O/Ni, it is evident that the O(2 × 2) structure is substantially perturbed by
water, in contradiction to the work of Nakamura and Ito [28, 190].
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α is defined as the amount of exchange observed on the oxygen covered surface, relative
to the clean Ni(111) surface.
α =
RO
(1 +RO)
− R
C
(1 +RO)
(11.1)
Where RO is equal to the ratio of the integrated area of the mass 18 TPD peak (I18) by
the integrated area of the mass 20 peak (I20), on the oxygen covered surface. RC is equal
to the ratio of the integrated area of the mass 18 TPD peak by the integrated area of the
mass 20 peak, on the clean Ni(111) surface.
RO =
I18
I20
(11.2)
RC =
I18
I20
(11.3)
Calibrating α with respect to the clean surface eliminates the amount of H162 O present
as a contaminant in the H182 O sample, the amount of exchange occurring on the chamber
walls and in the QMS. Removing the exchange due to these factors should allow the degree
of exchange occuring on the oxygen covered surface alone to be determined.
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List of finalised non-structural parameters in the water covered (
√
3×√3)R30◦ Sn/Pt(111)
LEED-IV analysis performed by K.Pussi.
Optimised Geometrical Parameters (A˚):
O-H in H2O bonded to Pt, 1.0/0.9 ± 0.3, angle HOH 108.9◦
O-H in H2O bonded to Sn, 1.0/0.9 ± 0.3, angle HOH 107.1◦
O-Sn 2.55 ± 0.09
H-Pt 2.4 ± 0.2
dz(O-O) 0.44 ± 0.09
dz(Sn-Pt) 0.36 ± 0.03
dz(Pt1-Pt2) 2.25 ± 0.03
dz(Pt2-Pt3) 2.28 ± 0.04
dz(Pt3-Pt4) 2.26 ± 0.04
dz(Pt4-Pt5) 2.26 ± 0.05
dz(Pt5-Pt6) 2.25 ± 0.08
δ1 0.02 ± 0.02
δ2 0.01 ± 0.03
δ3 0.01 ± 0.04
δ4 0.00 ± 0.03
δ1 0.01 ± 0.08
dz = interlayer spacing calculated between the centres of mass of Pt atoms, relative to
the bulk Pt lattice. δ = average buckling of layer
Debye temperatures (K):
O(Sn) 150
O(Pt) 280
H (between O & Pt) 1300
H(others) 1300
Sn 110
Pt(surface layer) 180
Pt(bulk) 240
161
Other non-structural parameters:
Imaginary part of inner potential -5eV
lmax 12
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